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O

EXECUTIVE SUMMARY

This report presents the results of a remediation by natural attenuation treatability
study (RNA TS) performed by Parsons Engineering Science, Inc. (Parsons ES) at
Operable Unit 5 (OU5), Hill Air Force Base, Utah to evaluate the use of natural
attenuation with long-term monitoring (LTM) as a remedial option for dissolved
chlorinated aliphatic hydrocarbon (CAH) contamination in the surficial water-bearing
zone. The presence of groundwater contamination and soil contamination at the site
was documented during the remedial investigation performed by Radian International
(Radian). This TS focused on the impact of dissolved CAHs, primarily trichloroethene
(TCE), on the shallow groundwater system at and downgradient from the site. Site
history and the results of soil, groundwater, apd surface water in /estigations conducted
previously also are summarized in this report.

Several lines of chemical and geochemical evidence indicate that, although dissolved
CAHs are undergoing biologically facilitated reductive dehalogenation, the occurrence
of this process is limited and localized. The evidence supporting the limited occurrence
of TCE biodegradation includes: .

"* The limited occurrence and low magnitude of CAH daughter product * *
concentrations and concentrations of other biodegradation byproducts;

"* The lack of sufficiently reducing conditions in groundwater;

"* The lack of sufficient native or anthropogenic organic carbon to drive
dehalogenation reactions; 0

"* The lack of true anaerobic conditions throughout the majority of the TCE plume;
and

"* The abundance of alternate electron acceptors that may inhibit use of CAHs as
electron acceptors. 0

An important component of this study was an assessment of the potential for
contamination in groundwater to migrate from the source area to potential receptors at
concentrations above regulatory levels intended to be protective of human health and
the environment. To accomplish this objective, the numerical model codes
MODFLOW and MT3D were used to estimate the impacts of planned and probable
engineered remedial actions on the future migration and persistence of dissolved TCE
within the surficial water-bearing zone under the influence of advection, dispersion,
sorption, and biodegradation. Input parameters for the numerical model were obtained
from existing site characterization data, supplemented with data collected during the
RNA TS. Model parameters that were not measured at the site were estimated using 0
reasonable literature values. ES- 1

/ E.,S-i1 .
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SECTION 1

INTRODUCTION

This report was prepared by Parsons Engineering Science, Inc. (Parsons ES) and
presents the results of a treatability study (TS) conducted to evaluate the use of
remediation by natural attenuation (RNA) for groundwater contaminated with
chlorinated aliphatic hydrocarbons (CAHs) at Operable Unit (OU) 5, located at Hill Air
Force Base (AFB), Utah. As used in this report, RNA refers to a management strategy
that relies on natural attenuation mechanisms to remediate contaminants dissolved in
groundwater and to control receptor exposure risks associated with contaminants in the
subsurface. The United States Environmental Protection Agency (USEPA) Offices of
Research and Development (ORD) and Solid Waste and Emergency Response
(OSWER) define natural attenuation as (Wilson, 1996):

The biodegradation, dispersion, sorption, volatilization, and/or chemical
and biochemical stabilization of contaminants to effectively reduce
contaminant toxicity, mobility, or volume to levels that are protective of
human health and the ecosystem.

As suggested by this definition, mechanisms for natural attenuation of CAHs include
advection, dispersion, dilution from recharge, sorption, volatilization, abiotic chemical
transformation, and biodegradation. Of these processes, biodegradation is the only
mechanism working to transform contaminants into innocuous byproducts. During
biodegradation, indigenous microorganisms work to bring about a reduction in the total
mass of contamination in the subsurface without the engineered addition of nutrients.
Patterns and rates of natural attenuation can vary markedly from site to site depending
on governing physical and chemical processes.

RNA is advantageous for the following reasons:

"* Contaminants can be transformed to innocuous byproducts (e.g., c irbon dioxide,
ethene, or water), not just transferred to another phase or location within the
environment;

"* Current pump-and-treat technologies are energy-intensive and generally not as
effective in reducing residual contamination;

"* The process is nonintrusive and allows continuing use of infrastructure during
remediation;

"• Engineered remedial technologies may pose a greater risk to potential receptors
than RNA (e.g., contaminants may be transferred into another medium during
remediation activities); and

022172%91M•nLJ1.DOC 1-1
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,, . RNA is less costly than conventional, engineered remedial technologies.

A potential disadvantage of RNA is that, in some cases, natural attenuation rates are b
too slow to make RNA a practical remedial alternative. In addition, biodegradation of
highly chlorinated compounds, such as trichloroethene (TCE), can produce vinyl
chloride, which is relatively toxic. Under certain geochemical conditions, vinyl
chloride may accumulate in the environment rather than be transformed to innocuous
byproducts.

I
The main emphasis of the work described herein was to evaluate the potential for

naturally occurring degradation mechanisms to reduce dissolved CAH concentrations in
groundwater to levels that are protective of human health and the environment. This
study is not intended to be a contamination assessment report or a remedial action plan;
rather, it is provided for the use of the Base and its prime environmental contractor(s)
as information to be used for future decision making regarding this site.

1.1 SCOPE AND OBJECTIVES

Parsons ES, in conjunction with researchers of the USEPA National Risk
Management Research Laboratory (NRMRL), was retained by the United States Air
Force Center for Environmental Excellence (AFCEE) Technology Transfer Division to
conduct site characterization and groundwater modeling to evaluate the scientific
defeusibility of RNA with long-term monitoring (LTM) as a remedial option for
contaminated groundwater at OU5.

S The following tasks were performed to fulfill the project objectives: b *
"* Reviewing existing hydrogeologic and soil/groundwater/surface water quality

data for the site;

"* Conducting supplemental site characterization activities to more thoroughly
characterize the nature and extent of groundwater contamination; 11

"* Collecting geochemical data in support of RNA;

"* Developing a conceptual hydrogeologic model of the shallow saturated zone,
including the current distribution of contaminants;

"* Evaluating site-specific data to determine whether naturally occurring processes
of contaminant attenuation and destruction are occurring in groundwater at the
site;

"* Designing and executing a groundwater flow and contaminant fate and transport
model for site hydrogeologic conditions;

"* Simulating the fate and transport of CAHs (e.g., TCE) in groundwater under the
influence of advection, dispersion, adsorption, and biodegradation using the
calibrated model;

022/729691/HILLAI .OC 1-2
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-" . Evaluating a range of model input parameters to determine the sensitivity of the
model to those parameters and to consider several contaminant fate and transport
scenarios;

Determining if natural processes are minimizing dissolved CAH and hydrocarbon
plume expansion so that groundwater and surface water quality standards can be
met at a downgradient point of compliance (POC);

. Conducting an exposure pathways analysis for potential current and future
receptors;

* Using the results of modeling to asses the effect of current or planned future
remedial actions on the TCE plume; and

• Providing a LTM plan that includes LTM and POC wells and a sampling and
analysis plan (SAP).

Field work conducted under this program was oriented toward the collection of
supplementary hydrogeologic and chemical data necessary to document and model the
effectiveness of RNA with LTM for restoration of CAH-contaminated groundwater.

Site characterization activities in support of RNA included the collection of soil
samples and installation of groundwater monitoring points with a Geoprobe®; static
groundwater level measurement; surface water sample collection and analysis; and
groundwater sample collection and analysis from preexisting site monitoring wells and

4 0 newly installed monitoring points. I 0

Site-specific data were used to develop a solute fate and transport model for the site
and to conduct a preliminary receptor exposure pathways analysis. The modeling effort
was used to predict the future extent and concentration of the dissolved CAH plume by
modeling the combined effects of advection, dispersion, sorption, and biodegradation.
Results of the model were used to predict future discharge to surface water, to assess
the potential for completion of other exposure pathways involving groundwater, and to
identify whether RNA with LTM is an appropriate and defensible remedial option for
contaminated groundwater, in conjunction with ongoing and planned engineered
remedial actions. The results will be used to provide technical support for the RNA
with LTM remedial option during regulatory negotiations, as appropriate.

This TS contains eight sections, including this introduction, and six appendices.
Section 2 summarizes site characterization activities. Section 3 summarizes the
physical characteristics of the study area. Section 4 describes the nature and extent of
soil, groundwater, and surface water contamination, and the evidence of contaminant
biodegradation in groundwater at the site. Section 5 describes the fate and transport
model and design of the conceptual hydrogeologic model for the site; lists model
assumptions and input parameters; and describes sensitivity analysis results. Section 6
describes the predicted effects of current and planned or potential future remedial
actions on the TCE plumes. Section 7 presents the LTM plan for the site. Section 8
lists the references used to develop this document. Appendix A contains pertinent
figures and tables from previous reports such as the remedial investigation (RI) report
for OU5 [Radian Corporation (Radian), 1995]. Appendix B contains Geoprobe®
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V The results of th:is study suggest that, even with the implementation of all planned
and probable remedial actions, dissolved TCE contamination present in groundwater
west of the Tooele Rail Shop has the potential to migrate at least 10,000 feet beyond
the August 1996 plume toe unless geochemical conditions are encountered along the
plume flowpath that promote increased biodegradation rates and/or significant
discharge of contaminated groundwater to surface water occurs. In addition, the model
suggests that dissolved TCE concentrations in excess of the state groundwater quality
standard of 5 micrograms per liter (jig/L) has the potential to persist downgradient
from the Rail Shop for more than 100 years (the duration of the numerical model
predictive period). The model predicts that installation of a groundwater extraction
trench along 300 West will cause the maximum dissolved TCE concentrations at three
downgradient observation points during the 100-year simulation period to be reduced
by approximately one-half.

The numerical model results also suggest that dissolved TCE detected at well
MW129 north of the Rail Shop has migrated off-Base, has the potential to migrate at
least 3,000 feet west of the Base boundary, and persist at concentrations in excess of 5
5ig/L for at least 50 years under the influence of RNA alone. If a groundwater
extraction system is simulated west of well MW129, the on-Base portion of this
dissolved contamination is intercepted, but the off-Base portion continues to migrate
toward the west beneath Sunset.

It should be noted that the numerical model constructed for this TS is reasonably
conservative: therefore, plume migration and persistence may be less than that
predicted by the model. Factors that could cause plume migration and persistence to
differ from model predictions include the following: 0 0

* The calibrated model is not necessarily unique, and different combinations of
input parameters could potentially have been used to achieve an acceptable
calibration;

% A wide range of potential TCE biodegradation rates were calculated for the OU5
groundwater system; therefore, the actual biodegradation rate may be different
than the rate used in the model;

* The model does not account for the potential occurrence of abiotic degradation
and volatilization of TCE; 0

* Only one round of geochemical data has been collected from a subset of site
monitoring wells; therefore, temporal and spatial changes in biodegradation rates
have not been fully assessed; and

- Hydrogeologic and/or geochemical conditions that could slow or halt plume 0
migration may exist downgradient from the investigated area.

To calibrate the numerical model for use as a management tool at OUS, regular
sampling of 14 existing and 5 new LTM wells and Martin Spring is recommended to
monitor the long-term migration and degradation of the dissolved CAH plumes. The
plumes should be progressively tracked in the downgradient direction, and additional 0

ES-2
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downgradient LTM wells and surface water sampling stations should be
installed/sampled as required. Regular sampling and analysis of groundwater from
these wells will allow the effectiveness of RNA and engineered remedial actions to be
monitored, and should allow assessment of whether additional engineering controls
should be implemented. Likewise, the model can be adjusted to reflect future
conditions measured in the aquifer.

Contaminant fate and transport model results indicate that sampling should continue
on an annual basis for approximately 15 years (the anticipated maximum duration of
engineered remedial actions), followed by less frequent (e.g., every other year)
sampling. The LTM plan should be periodically reevaluated and modified as necessary
on the basis of newly obtained data and calibration of the numerical model. The LTM
plan presented in this TS presents estimated present worth costs for 15 years of annual
monitoring, followed by 15 years of biennial monitoring. Along with other analyses
used to assess the effectiveness of RNA, the groundwater samples should be analyzed
for halogenated volatile organic compounds by US Environmental Protection Agency
Method SW8021B.

ES-3
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borehole logs, monitoring point construction diagrams, monitoring well/point
development and sampling forms, and survey data. Appendix C presents soil, surface
water, and groundwater analytical results that were used in the preparation of this
report and collected as a part of this TS. Appendix D contains model input parameters,
calculations related to model calibration, and sensitivity analysis results. Appendix E Al
contains model input and output in American Standard Code for Information
Interchange (ASCII) format on a diskette. Appendix F contains LTM cost calculations.

1.2 BASE AND OU5 BACKGROUND

Hill AFB is located 25 miles north of Salt Lake City, Utah, just east of Interstate 15
(Figure 1.1). Hill AFB was added to the National Priorities List (NPL) in July 1987.
In 1991, Tooele Rail Shop and Bamberger Pond were combined administratively into
OU5. The US Army Tooele Rail Shop and Bamberger Pond are located along the
western boundary of Hill AFB (Figure 1.1). This RNA TS focuses on the dissolved
CAH plume emanating from the Tooele Rail Shop (Figures 1.2 and 1.3). The Tooele
Rail Shop was constructed in 1942 to support the Ogden Army Arsenal, and was
upgraded in 1944 to service and repair railroad engines for the military. The Tooele
Rail Shop is currently operated by the Tooele Army Depot. An open area immediately
west of the Rail Shop formerly was used for cleaning large train parts; Building 1712
was constructed over this area in the late 1980s (Figure 1.3) (Radian, 1995).

Historical chemical usage at Hill AFB is illustrated on Figure 1.4. Solvents,
petroleum products, and an alkaline sodium cyanide solution have been used at the Rail
Shop. TCE was reportedly used at the rail shop during the period from 1949 to 1964.

0 Prior to 1979, runoff from steam-cleaning operations flowed into a drainage grate and 0
thence to drain lines that led to an in-ground oil/water separator. However, foundation
excavations for Building 1712 revealed limited areas of stained soil (which were
removed), suggesting that some runoff had drained onto the ground west of the steam-
cleaning area. Hill AFB drawings indicate that the drain lines extended directly north
from the oil/water separator and the Rail Shop, parallel to the rail lines and an
irrigation canal (Davis-Weber Canal). As-built Base drawings from 1966 show that the
drain line ended about 1,300 feet north of Building 1701 (Figure 1.3). It has since
been confirmed through investigation field work (video camera survey) that this line
extended north from Building 1712 and joined another line extending west from
Building 1723 through an oil/water separator (Radian, 1995). The north/south line
continued northward less than 20 feet from this junction and terminated in a gravel
leach field. The solids from the oil/water separator were treated at the Hill AFB
Industrial Waste Treatment Plant (IWTP). The liquids apparently were allowed to
drain into this gravel leach field (resulting in the CAH groundwater plume). In 1979,
the cleaning system was redesigned to collect and direct rinseate and runoff into a new
oil/water separator, from which the water is discharged into the Base wastewater
treatment system.

022/729691/HILL/l .DOC 1-4
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A preliminary assessment/site investigation (PA/SI) identified two sites, the US 0
Army Tooele Rail Shop and Bamberger Pond, as potential sources of contamination.
Beginning in 1986, field work at these sites was conducted as part of the Installation p
Restoration Program (IRP) [Radian and Science Applications International Corporation
(SAIC), 1988]. In 1987, trace quantities of TCE and 1,1,1-trichloroethane (TCA)
were found in two residential wells and a spring located in the cities of Sunset and
Clinton, approximately I mile west of the Base (Figure 1.2). Monitoring wells were
installed, and soil and groundwater samples were collected at both sites from 1989
through 1991 (SAIC, 1992a and 1992b). In addition, a soil gas survey was performed P
at the Tooele Rail Shop in 1991. Two underground fuel storage tanks at Building 1705
at the Tooele Rail Shop were removed, and petroleum-hydrocarbon-contaminated soils
were removed (Radian, 1993b). The field and laboratory studies at the Tooele Rail
Shop and Bamberger Pond conducted prior to 1992 are hereafter referred to as pre- RI
studies. The RI effort for OU 5 began in 1992, and was completed in 1995. The
contents of the aforementioned references also are summarized in the Final Remedial
Investigation Report-Operable Unit 5-Sites SSJ 7 and SDJ6 (Radian, 1995).

The RI activities at the Tooele Rail Shop extended well beyond the boundaries of the
Rail Shop. Areas of the cities of Sunset and Clinton were investigated, as % 'll as areas
north and east of the Tooele Rail Shop that formerly included a Base housing tract and 0
a former wastewater treatment system that serviced the former housing area (Figure
1.2). Little information is available about the former Base housing area and wastewater
treatment facility. The site of the former housing area is abandoned, with only
remnants of former roads and a concrete foundation remaining. Available aerial
photographs show that any buildings in this area were removed before 1960. Likewise,
the former wastewater treatment facility has been demolished, although some concrete D 0
rubble, metal debris, and the general outline of the percolation beds are still visible.
Inspection of aerial photographs and maps suggest that these areas operated during the
1940s and 1950s. In 1993, the Explosive Ordnance Disposal (EOD) building (Building
1781) was completed just southwest of the former percolation beds north of Browning
Avenue (Figure 1.2).

The RI work conducted by Radian (1993a and 1995) took place from 1992 through
1995. Based on the results of the soil gas survey conducted at the Tooele Rail Shop,
boreholes were drilled and sampled, and monitoring wells were installed in 1992.
Results of this work were inconclusive regarding a connection between low
concentrations of TCE observed at the Tooele Rail Shop and measured in downgradient 6
wells and springs. In early 1993, an investigation of groundwater conditions along the
western perimeter of the Base identified a plume of TCE in shallow groundwater
extending from the Tooele Rail Shop area off-Base to the west. Further investigative
efforts in late 1993 and in 1994 provided additional data on the nature and extent of
contamination. The focus of the following sections is the plume emanating from the
Tooele Rail Shop and migrating off-Base in the surficial aquifer to areas beneath the
adjacent cities. Bamberger Pond has not contributed to the plume, and therefore is not
discussed further.
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Work performed as part of the RI during 1992-1994 included:

" Records search and a series of interviews with area residents to determine, if S
possible, the presence and location of field drains;

" Performance of a passive soil gas survey to evaluate the extent of volatile organic
compound (VOC) contamination, identify possible source areas of contaminants,
and to aid in the selection of cone penetrometry testing (CPT) and monitoring
well locations;

"* Performance of CPT at various locations, and collection and analysis of soil-pore
fluid and soil gas samples;

"* Drilling of boreholes and collection and chemical analysis of soil samples in the
vicinity of suspected VOC contamination;

"* Installation and development of monitoring wells using previously drilled soil
borings as pilot holes;

"* Collection and chemical analysis of groundwater samples from all new and

existing wells in the area;

"* Collection and chemical analysis of surface water (spring/seep) samples;

"* Performance of slug tests in groundwater monitoring wells to estimate the
hydraulic conductivity of the surficial aquifer; 5 0

"* Collection and chemical analysis of surface soil samples; and

"* Performance of a video camera survey of the terminus of the drain line system.

1.3 OTHER SITE REMEDIATION ACTIVITY

In January 1995, a TS was conducted at OU5 using an air sparging curtain. Based
on the TS results, a 400-foot-long sparging curtain was installed across the CAH plume
along Main Street, immediately west of Interstate 15 (see Figure 1.2 for street
locations). The sparging curtain became operational in April 1997. In addition, an
800-foot-long groundwater extraction trench may be installed along 300 West. There
were tentative plans to install groundwater extraction wells near the EOD building
(1781) to address an apparent TCE source that is unrelated to the Tooele Rail Shop
plume. However, these plans are currently "on hold" while the feasibility of a no-
action alternative for this contamination is explored. Groundwater extraction wells and
an aboveground activated carbon treatment system will be installed near well pair
MW137/MW138 in the city of Sunset.

02217296911HIL1LJ.DOC 1-10
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SECTION 2

SITE CHARACTERIZATION ACTIVITIES

To meet the requirements of the RNA demonstration, additional data were required
to evaluate near-surface hydrogeology and geochemistry, and the extent of surface
water and groundwater contamination. Site characterization activities involved
borehole advancement, soil sampling, and groundwater monitoring point installation
using a GeoprobeO; collection of groundwater samples from existing monitoring wells
and newly installed monitoring points; and collection of surface water samples from
area springs and seeps and a field drain. The scope of these activities was described in
the work plan for this RNA TS (Parsons ES, 1996) with the work performed from
August 5 through 14, 1996.

The physical and chemical data listed below were collected during the field work
phase of the TS:

"* Depth from measurement datum to the water table or potentiometric surface in
monitoring wells and monitoring points; 0 4

"* Stratigraphy of subsurface media;

" Groundwater geochemical data [pH; temperature, electrical conductivity; total
alkalinity; oxidation-reduction potential (ORP); dissolved oxygen (DO); carbon
dioxide, chloride; nitrate+nitrite [as nitrogen (N)]; ammonia; ferrous iron;
manganese, sulfate; total organic carbon (TOC); dissolved hydrogen; phenols;
aliphatic and aromatic acids; methane, and ethene];

"* Groundwater concentrations of chlorinated and aromatic VOCs and metals;

"* Concentrations of TOC in soil; and 4

"* Concentrations of CAHs in surface water.

The following sections describe the procedures that were followed when collecting site-
specific data. Additional details regarding investigative activities are presented in the
final work plan (Parsons ES, 1996).

2.1 GEOPROBEs FIELD ACTIVITIES

The Geoprobe® system is an hydraulically powered percussion/probing machine used
to advance sampling tools through unconsolidated soils. This system provides for the
rapid collection of soil, soil gas, and groundwater samples at shallow depths while
minimizing the generation of investigation-derived waste materials. Figure 2.1 is a
diagram of the Geoprobed system. At OUS, the Geoprobe was used to collect soil

022m9691HILLJ2.DOC 2-1
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- samples for visual description and TOC analysis, and to install groundwater monitoring I
points.

2.1.1 Groundwater Monitoring Point Locations and Completion Intervals

Geoprobe®-related field work included borehole advancement and monitoring point
installation at eight on- and off-Base locations (Figure 2.2). The term "monitoring
point" is used in this report to distinguish these groundwater monitoring stations from
conventionally constructed monitoring wells. One 3- to 4-foot-long soil sample was
collected from within or near the screened interval during borehole advancement at
each location for stratigraphy identification purposes. Monitoring point pairs,
consisting of points screened in the shallow and deep portions of the surficial aquifer,
were installed at two on-Base locations (MP-Is/Id and MP-2s/2d), resulting in the
installation of a total of 10 monitoring points at the 8 locations. The suffixes "s" and
"d" denote the shallow and deep points, respectively. Completion details for new
monitoring points and previously installed monitoring wells are provided in Table 2.1.

2.1.2 Groundwater Monitoring Point Installation and Soil Sampling Procedures

2.1.2.1 Pre-Installation Activities
S

All subsurface utility lines and other man-made subsurface features were located,
and proposed monitoring point locations were cleared and approved by the Base or the
off-Base utility location group ("Blue Stakes") prior to any drilling activities.
Monitoring point locations were moved as necessary to avoid damage to subsurface

* utilities.

2.1.2.2 Equipment Decontamination Procedures

Prior to arriving at the site and between each monitoring point location, all
Geoprobe® rods, tips, sleeves, pushrods, samplers, tools, and other downhole
equipment were decontaminated using an Alconox® detergent and potable water
solution and scrub brush, followed by a potable water rinse. Decontamination was
performed at a designated wash area adjacent to the southwest comer of Building 860.

Fuel, lubricants, and other similar substances were handled in a manner consistent
with accepted safety procedures and standard operating practice-. All monitoring point
completion materials were factory sealed and were not stored near or in areas that could
be affected by these substances.

2.1.2.3 Borehole Advancement and Soil Sampling

The Geoprobe®-collected soil samples were obtained using a probe-drive sampler
during installation of monitoring points MP-ls/ld through MP-8s (Figure 2.2). The
probe-driven sampler serves as both the driving point and the sample collection device
and is attached to the leading end of the probe rods. To collect a soil sample, the
sampler was pushed or driven to the desired sampling depth, and the stop pin was
removed, allowing the piston and drive point to retract as the sample barrel was pushed
into undisturbed soil. The soil cores were retained within a clear acetate liner inside
the sampling barrel. The probe rods were then retracted, bringing the sampling device
to the surface. The samples were visually described, and, in some cases, a sample for
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S

- TABLE 2.1 0
MONITORING POINT AND MONITORING WELL COMPLETION DATA

OUS RNA TS

HILL AIR FORCE BASE, UTAH

Ground
Well Screened Survey Survey Top of Casing Surface

Well Installation Diameter Interval Northang Easting Elevation Elevation
Identification Date (Inces) (Feet bgaf (State Plane?' (State Plane) (Feet masl)W' (Fed n)

New Momitorina eoints
MP-Ia 8/7/96 0.5 19.0-24.0 295613.45 1856156.68 4592.06 4592.4
MP-id 8/7/96 0.25 43.5-44.0 295609.53 M856157.19 NAN 4592.3

MP-2s 8/8/96 0.25 27.5 -28.0 296252.40 1855830.86 NA 4582.2
MP-2d 8/8/96 0.25 43.5 -44.0 296251.54 1855830.69 NA 4582.1

MP-3d 8/10/96 0.5 28.5-31.8 296125.09 1854010.14 4496.37 4496.7
MP-4s 8/9/96 0.5 10.0- 15.0 295852.90 1852157.41 4444.92 4445.1
MP-Sa 8/9/96 0.5 9.8- 14.8 297023.44 1852208.14 4442.14 4442.4
MP-6A 8/9/96 0.5 9.4- 14.4 296207.53 1851656.17 4436.83 4437.0
MP-78 8/9/96 0.5 11.5-14.8 297048.88 1851213.67 4423.14 4424.0
MP-ka 8/9/96 0.5 12.0- 15.3 296514.55 1850546.58 4413.68 4413.9

Pre-Existing Monitoring Wells

MW-121 1992 2.0 25-35 294763.00 1855923.00 4594.66 4592.2

MW-122 1993 2.0 17-26.9 295032.00 1855825.00 4585.66 4583.2
MW-123 1993 2.0 17-26.9 294881.00 1855621.00 4573.27 4573.3
MW-124 1993 2.0 13.0-22.96 294882.00 1855378.00 4558.23 4558.4

*MW-125 1993 4.0 17.33 - 27.33 295728.00 1855830.00 4582.31 4582.3 0
MW-126 1993 4.0 30.92 - 40.92 296449.00 1855830.00 4581.61 4581.6
MW-127 1993 4.0 16.25 - 26.40 295941.00 1855729.00 4580.40 4580.4
MW-128 1993 4.0 41.3-51.3 295955.00 1855730.00 4580.27 4580.3

MW-129 1993 4.0 55 - 65 297225.00 1855937.00 4587.20 4527.5
MW-130 1993 4.0 54.5-64.5 297775.00 1855938.00 4585.39 4585.4
MW-131 1993 4.0 5-15 295693.00 1855385.00 4556.11 4556.1
MW-132 1993 4.0 7- 17 296083.00 1855379.00 4554.45 4554.5

MW-133 1993 4.0 25 -35 297362.00 1855389.00 4551.49 4551.5
MW-134 1993 2.0 16.55 -25.5 297380.00 1854904.00 4529.00 4529.4
MW-135 1993 2.0 21.75-31.0 296549.00 1854623.00 4516.40 4516.8

MW-136 1993 2.0 8.25- 17.5 296549.00 1854642.00 4516.95 4517.5
MW-137 1993 2.0 6.75- 16.0 296117.00 1854805.00 4524.22 4524.7
MW-138 1993 2.0 30-39.3 296116.00 1854799.00 4524.00 4524.5

MW-139 1993 2.0 8.25-17.5 295843.00 1854630.00 4517.82 4518.2
MW-140 1993 2.0 7.85- 17.1 296357.00 1853445.00 4478.89 4479.4
MW-141 1993 2.0 9.25- 18.5 298057.00 1851221.00 4418.91 4419.33

MW- 142 1993 2.0 10.3 -20.0 296677.00 1853254.00 4476.18 4476.8 5
MW-143 1993 2.0 12.25 -21.5 296462.00 1852861.00 4465.68 4466.1
MW-144 1993 2.0 10.3 - 19.25 296879.00 1854363.00 4505.61 4506.0
MW-145 1993 2.0 12.82 - 21.77 296643.00 1854971.00 4531.88 4532.4

(Continued)
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TABLE 2.1 (Concluded)
MONITORING POINT AND MONITORING WELL COMPLETION DATA

SITE OUS
INTRINSIC REMEDIATION

HILL AFD, UTAH

Well Screened Survey Survey Elevation Ground

Well lntlation Diameter interval Northung Esafing Datum Surface

SIdentificatio Date (nhes) J b J (State plawe) (State Ploe) )' (Feet ms!)

Pre-EXMsi acing Wells

MW-146 1993 2.0 5.75-15.0 294853.00 1854521.00 4517.71 4518.1
MW-147 1993 2.0 6.25- 15.5 296423.00 1852280.00 4443.62 4444.1

MW-148 1993 2.0 49.75 - 59.0 296302.00 I&56694.00 4632.41 4630.6

MW-149 1993 2.0 48.25 - 57.5 295928.55 1856870.00 4634.59 4633.8
MW-150 1993 2.0 44.75-53.7 296125.00 1856350.00 4617.9" 4616.1

MW-151 1993 2.0 53.45 - 62.4 296666.00 1856328.00 4607.74 4607.7
MW-152 1994 2.0 35-45.3 288152.00 1857427.20 4608.48 4606.8

MW-153 1994 2.0 28-38.3 294645.00 1857816.00 4642.51 4640.5

MW-I54 1994 2.0 14-24.3 295854.00 1855837.00 4582.44 4582.4
MW-155 1994 2.0 50 - 60.3 295866.00 1855837.00 4582.44 4582.8

MW-156 1994 2.0 10- 20.3 295297.00 1855241.00 4552.25 4552.3

MW-157 1994 2.0 12 - 22.3 296392.00 1855364.00 4553.66 4553.7

MW-158 1994 2.0 8-18.3 294887.00 1854014.00 4502.02 4502.6

MW-159 1994 2.0 9- 19.2 295879.00 1853711.00 4487.63 4488.1

MW-160 1994 2.0 I! -21.3 297064.00 1854009.00 4494.63 4495.1

O MW-161 1994 2.0 10-20.3 296145.00 1852951.00 4469.61 4470.1 * *
MW-162 1994 2.0 11.5 -21.9 297128.00 1852776.00 4458.64 4459.2

MW-163 1994 2.0 8-18.3 296508.00 1852045.00 4441.09 4441.7

MW-164 1994 2.0 9- 19.3 297574.00 1851858.00 4433.64 4434.2

MW-165 1994 2.0 9-19.3 298264.00 1i51517.00 4424.20 4424.8

MW-166 1994 2.0 4.2- 14.6 295698.00 1854009.90 4497.53 4497.5

MW-167 1994 2.0 5.0- 15.4 295735.00 1853465.30 4481.86 4482.2

MW-168 1994 2.0 5.0- 15.4 295394.00 1853161.00 4475.98 4476.3

MW-169 1994 2.0 5.0- 15.4 296632.00 1851334.60 4425.93 4426.3
MW-170 1994 2.0 7.4- 17.4 296194.00 1850539.40 4413.33 4413.3

MW-171 1994 2.0 4.8- 15.2 298287.00 1850804.80 4411.00 4411.0

TAD-I 1989 4.0 27.0-37.0 300977.33 1856431.61 4613.05 4611.0

TAD-IA 1993 4.0 40.6-50.6 NA NA 4613.01 4613.2

TAD-2 1989 4.0 16.7 -26.7 300719.69 1856752.92 4538.29 4586.0

TAD-3 1989 4.0 19.0-29.0 301039.90 1856806.47 4587.54 4585.1

TAD-4 1989 4.0 45.5 -55.5 NA NA 4587.69 4587.7

TAD-5 1991 4.0 37.1 -47.1 NA NA 4478.98 4479.0

TAD-6 1991 4.0 5.3- 15.3 NA NA 4522.89 45=9

TAD-7 1991 4.0 90.5- 100.5 NA NA 4522.89 4522.9

" Feet bp = feet below ground aurface.

State Plane - State of Utah Plae Coordinate System.

SFeet ml - Feet below mean se level.

'NA - not applicable or not available. Monitoring points with teflonD tubing do not have a groundwater elevation datum.

Note: All pre-existing monitoring wells were installed by SAIC (1992) or RADIAN (1995).
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laboratory TOC analysis was retained in a clean glass jar. A summary of chemical
analyses performed for soil and groundwater samples is presented in Table 2.2.

USEPA personnel operated the Geoprobe®, and the Parsons ES field scientist
observed Geoprobe® sampling and monitoring point installation activities and
maintained a descriptive log of subsurface materials recovered. Soil sample
descriptions are provided in Appendix B.

2.1.3 Monitoring Point Installation

Groundwater monitoring points were installed in 10 boreholes under this program.
Monitoring point installation procedures are described in the following paragraphs.
Monitoring point completion diagrams are included in Appendix B.

2.1.3.1 Monitoring Point Materials Decontamination

Monitoring point completion materials were inspected by the field scientist and
determined to be clean and acceptable prior to use. All monitoring point completion
materials were factory sealed in plastic wrap. Pre-packaged casing, sand, bentonite,
and concrete mix were used in point construction, and the bags were inspected for
possible external contamination before use. Materials that could not be cleaned to the
satisfaction of the field scientist were not used.

2.1.3.2 Monitoring Point Casing and Screen

* Two monitoring point designs were used to construct shallow monitoring points. ,
The majority of the shallow monitoring points were constructed of Schedule 40
polyvinyl chloride (PVC) riser pipe connected to factory-slotted PVC screens having an
inner diameter (ID) of 0.5 inch. The PVC points were placed wherever formation soils
did not collapse into the borehole after the Geoprobe® rods were extracted. In the
event that collapsing soils prevented the placement of the PVC screen after the
extraction of the soil probe the monitoring points were constructed with 0.25-inch-ID
stainless steel (SS) mesh implants acting as monitoring point screens and 0.25-inch-ID,
Teflon®-lined, high-density polyethylene (HDPE) tubing acting as risers connecting the
SS mesh to the surface (HDPE tubing was threaded through the center of the
Geoprobe® drive rods). All PVC casing and screen sections on the shallow monitoring
points were flush threaded, and glued joints were not used. The riser pipe at each PVC
monitoring point was fitted with a PVC top cap, and an aluminum drive point was
inserted into the bottoms of the PVC screens.

Monitoring point screens constructed of PVC were 3.3 to 5 feet long, depending on
location, and factory slotted with 0.010-inch openings. Monitoring point screens
constructed of SS were 0.5 foot in length with pore openings of 0.0057 inch. Shallow
points were screened near the water table, and deep points were screened approximately
18 to 26 feet below the water table.

All deep monitoring points were constructed using the SS screens and Teflon*-lined
HDPE tubing described above. The riser tubing for deep monitoring points extended
to the surface, and the bottom of the SS mesh screen was threaded to the dedicated

022.7296921HELL42.DMc 2-7
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TABLE 2.2
ANALYTICAL PROTOCOL FOR

GROUNDWATER, SURFACE WATER, AND SOIL SAMPLES
OUS RNA TS

HILL AIR FORCE BASE, UTAIi

ANALYTICAL
MATRIX/IPARAMETER METHOD LABORATORY

WATER

Phenols, Aliphatic/Aromatic Acids RSKSOP-177 I NRMRL'
Phenols CHEMetrics Method 4AAP Field
Dissolved Hydrogen Gas Chromatograph Field
Ferrous Iron (Fe+2) Colorimetric, HACH Method 8146 Field
Manganese Colorimetric, HACH Method 8034 Field
Sulfate N-601 bI NRMRL
Nitrate and Nitrite E353.1 NRMRL
Oxidation-Reduction Potential Direct reading meter Field
Dissolved Oxygen Direct reading meter Field
pH Direct reading meter Field
Conductivity Direct reading meter Field
Temperature Direct reading meter Field
Alkalinity (Carbonate [C03-21 Titrimetric, HACH Method 8221 Field

and Bicarbonate [HCO3-1])
Carbon Dioxide CHEMetrics Method 4500 Field
Chloride N-601 NRMRL
Ammonia-Diss. Gas in Water E350.1 NRMRL

* Methane RSKSOP-175/RSKSOP-147 NRMRL *
Ethene RSKSOP-175/RSKSOP-147 NRMRL
Total Organic Carbon RSKSOP-102 NRMRL
Aromatic Hydrocarbons RSKSOP-133 NRMRL
(Including Trimethylbenzenes
and Tetramethylbenzene)

Metals ICP, GFAA (lead only) d NRMRL
Volatile Organics RSKSOP-146 NRMRL

SOIL
Total Organic Carbon RSKSOP-102, RSKSOP-120 NRMRL
Surface Water
Volatile Organics RSKSOP-146 NRMRL

SURFACE WATER
Volatile Organics RSKSOP-146 NRMRL

a/ USEPA National Risk Management Research Laboratory in Ada, Oklahoma.
b/ Waters capillary electrophoresis Method N-60 I.
c/ ICP = Inductively Coupled Plasma Spectrometry; GFAA = Graphite Furnace Atomic Absorption.
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stainless steel drive point/implant anchor that remained in place after the drive rods
were removed. Monitoring point construction details are summarized in Table 2.1.

The field scientist verified and recorded the borehole depth and the lengths of all

casing sections and tubing. All lengths and depths were measured to the nearest 0.1
foot.

2.1.4 Monitoring Point Development

Before being sampled, newly installed monitoring points were developed.
Typically, well development removes sediment from inside the well casing and flushes
fines, cuttings, and drilling fluids from the sand pack and the portion of the formation
adjacent to the well screen. Use of the Geoprobe® system to place monitoring points
eliminates cuttings and drilling fluids. Therefore, development of monitoring points
was primarily intended to minimize the amount of fine sediment that might accumulate 5
in the casing.

Development was accomplished using a peristaltic pump with dedicated silicone and
HDPE tubing. The pump tubing was regularly lowered to the bottom of the shallow
points so that fines were agitated and removed from the point in the development
water. Typically, development was continued until a minimum of 10 casing volumes
of water were removed, and the pH, temperature, and conductivity of the groundwater
had stabilized. Monitoring point MP3d, screened in silty clay, had a very low recharge
rate, and only 8 casing volumes were removed during the development process.
Development waters were containerized and disposed of at the Base IWTP.

0 Development records are contained in Appendix B. 6 0

2.2 GROUNDWATER SAMPLING

This section describes the procedures used for collecting groundwater quality
samples. In order to maintain a high degree of quality control (QC) during this
sampling event, the procedures described in the site work plan (Parsons ES, 1996) and 0
summarized in the following sections were followed.

2.2.1 Groundwater Sampling Locations

Groundwater samples were collected from 43 previously installed monitoring wells,
and 9 of the 10 newly installed monitoring points. Monitoring point MP4s was
vandalized shortly after installation, and could not be sampled. After completion of
installation and development activities, these monitoring points were purged and
sampled using a peristaltic pump with dedicated HDPE and silicone tubing.
Monitoring point purging and sampling was performed at least II hours after
completion of development activities. 1

2.2.2 Preparation and Equipment Cleaning

All equipment used for sampling was assembled and properly cleaned and calibrated
(if required) prior to use in the field. Calibrations were performed in accordance with
the manufacturer's specifications. An electric water level meter was used to measure 0
the static water level in the monitoring well/point prior to initiation of purging. Prior

022-r991•n1L1J2.DOC 2-9
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to each use, the water level probe was cleaned with a potable water and phosphate-free,
laboratory-grade detergent solution, followed by a distilled-water rinse. In addition, a g)
clean pair of new, disposable latex or nitrile gloves was worn each time a different well
or monitoring point was sampled. Dedicated HDPE and silicone tubing were used at
each sampling location, eliminating the need for decontaminating these items between
wells.

2.2.3 Groundwater Sampling Procedures
D

2.2.3.1 Preparation of Location

Prior to starting the sampling procedure, the area around the well or monitoring
point was cleared of foreign materials, such as brush, rocks, and debris. These
procedures prevented sampling equipment from inadvertently contacting debris around
the monitoring well/point. The integrity of the monitoring well/point also was
inspected, and any irregularities in the visible portions of the well/point, protective
cover, or concrete pad were noted.

2.2.3.2 Water Level and Total Depth Measurements

Prior to removing any water from the well or shallow monitoring points, an
electrical water level probe was used to measure the depth to groundwater below the
well datum to the nearest 0.01 foot. Water levels in the newly installed points
constructed of Teflon®-lined HDPE tubing were not obtained because the water level
probe diameter was larger than the tubing diameter. If the monitoring well/point depth

* was not known, the water level probe was then lowered to the bottom of the well/point D *
for measurement of total depth (recorded to the nearest 0.1 foot). Based on these
measurements, or using total depths recorded in the RI report (Radian, 1995), the
volume of water to be purged from the well/point was calculated.

2.2.3.3 Monitoring Well/Point Purging
I

Where possible, a minimum of three times the calculated saturated casing volume
was removed from each monitoring well/point prior to sampling. Purging continued
until the pH, DO concentration, ORP, conductivity, and temperature stabilized between
successive readings. Physical and chemical parameters were measured at the well head
using field meters and a flow-through cell consisting of an Erlenmeyer flask. A
peristaltic pump with dedicated silicone and HDPE tubing was used for well evacuation
where the depth to groundwater was sufficiently shallow (less than approximately 20
feet). At these wells, the HDPE tubing was lowered to within 2 feet of the ,ottom of
the well. In some cases, the initial purge rate was high enough to evacuate the well or
to cause air bubbles to become entrained in the pumped water. When this occurred, the
purge rate was reduced until a steady, bubble-free flow was obtained. In all cases, a
low pumping rate (i.e., <200 ml/min) was used during sample collection.

A decontaminated PVC bailer or Enviro-Tech® ES Series battery-operated purge
pump connected to dedicated PVC discharge tubing was used to purge wells having
deeper static water levels. The purge rate of the battery-operated pump is dependent on
the depth to water in the well, and cannot be adjusted. All purge water was D
containerized and disposed of at the Base IWTP. Monitoring point MP4s was
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vandalized (filled with sand and trash) shortly after installation, and therefore was not
purged or sampled. Purging and sampling field forms are contained in Appendix B. g)

2.2.3.4 Sample Collection

A peristaltic pump with dedicated silicone and HDPE tubing was used to extract
groundwater samples from each sampled well and monitoring point where the depth to
groundwater was less than approximately 20 feet. A dedicated, disposable
polyethylene bailer connected to a new length of nylon or polyethylene rope was used
to sample wells having deeper static water levels. In almost all cases, the sampling was
performed immediately following well purging. For example, at wells where a
peristaltic pump was used, the pump was not turned off in between purging and
sampling activities. In a few instances, the monitoring well/point was purged dry, and
the samples were collected after sufficient recharge had occurred. All samples were
collected within 24 hours of purging. S

Sampling from monitoring points constructed of tubing was accomplished by
attaching the silicone peristaltic pump tubing directly to the top of the monitoring point
tubing. The samples were transferred directly into the appropriate sample containers.
The water was carefully poured down the inner walls of each sample bottle to minimize
aeration of the sample. Sample bottles for aromatic and chlorinated VOCs and
dissolved gases (methane and ethene) were filled so that there was no headspace or air
bubbles within the container.

2.2.4 Onsite Chemical Parameter Measurement

DO measurements were taken using an Orion® model 840 or Yellow Springs
Instruments (YSI) model 55 DO meter in a flow-through cell at the outlet of the
peristaltic pump. DO concentrations were recorded after the readings stabilized, and in
all cases represent the lowest DO concentration observed.

Because the electrical conductivity, pH, ORP, and temperature of the groundwater S
change significantly within a short time following sample acquisition, these parameters
were measured in the field, in the same flow-through cell used for DO measurements.
Measured values were recorded on the groundwater sampling records (Appendix B).

2.2.5 Sample Handling

The fixed-base analytical laboratory (NRMRL) provided pre-preserved sample
containers where appropriate. The sample containers were filled as described in
Section 2.2.3.4, and the container lids were tightly closed. The samples were labeled
as described in the work plan.

After the samples were sealed and labeled, they were transported to the onsite
USEPA mobile laboratory. USEPA personnel packaged the samples to prevent
breakage and leakage or vaporization from the containers. Sample shipment to
NRMRL and the associated chain-of-custody documentation was the responsibility of
the USEPA/NRMRL field personnel.

022/729691/HILL.2.D0C 2-11



2.3 SURFACE WATER SAMPLING

Surface water samples were collected from the Martin Spring, a seep in the
northeast comer of Meadows Park, and the concrete-lined drainage channel at the north
edge of Meadows Park (Figure 2.1). The spring previously identified in the northwest
corner of Meadows Park (Figure 2.1) (Radian, 1995) was not evident at the time of this
sampling. These samples were collected in order to assess the degree to which CAH-
contaminated groundwater was discharging to the surface. The surface water samples
were analyzed for CAHs only.

Surface water samples at the Martin Spring were collected directly from the pipe
discharging into the concrete-lined pool at the Martin residence. Samples at the
Meadows Park seep were obtained by digging a hole in the seepage area with a clean
shovel, allowing water to collect in the hole, and submerging the sample bottles in the
pooled water. Samples were collected from the downstream (west) end of the concrete-
lined field drain channel that parallels the northern boundary of Meadows Park by
placing the sample bottle in the channel with the opening facing up and allowing the
water to slowly fill the bottle. Sample handling proceeded as described for
groundwater samples in Section 2.2.5.

2.4 AQUIFER TESTING

During the RI, Radian (1995) performed slug tests in 43 monitoring wells, and
obtained 45 additional hydraulic conductivity values from pore-fluid dissipation tests
performed during CPT activities at 18 locations. In addition, direct groundwater

* velocity measurements were made near Main Street using a borehole flow meter during I
construction of the air sparging curtain. Therefore, additional aquifer testing was not
performed during the TS field program.

2.5 SURVEYING

After completion of field work, the locations and elevations of all new monitoring 0
points were surveyed by Mountain West Land Surveyors, Inc. a licensed land surveyor
from Salt Lake City, Utah. The survey tied into preexisting monitoring wells installed
during the RI (Radian, 1995) and cultural features such as building corners and a road
intersection. For monitoring points constructed of PVC, the horizontal locations and
elevations of the measurement datum (top of PVC well casing) and the ground surface
adjacent to the well casing were measured relative to the Utah state plane coordinate
system. Only the ground surface elevations were measured for monitoring points
constructed of Teflon®-lined tubing. PVC casing elevations are presented in Table 2.2;
the remaining survey data are presented in Appendix B.
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SECTION 3

PHYSICAL CHARACTERISTICS OF THE STUDY AREA 4

This section describes the physical characteristics of OU5. Existing site-specific
data were reviewed and supplemented with data collected by Parsons ES in August
1996 to develop a synopsis of OU5 physical characteristics. The following sections
include data from the following sources: 4

"• Radian and SAIC, 1988;

"• SAIC, 1992a and 1992b;

"* Radian, 1993b; and I

"• Radian, 1995.

3.1 CLIMATE

- The climate of Hill AFB is semi-arid. Mean annual precipitation is just over 18 I 0 4
inches, and annual evaporation is approximately 45 inches (Feth et al., 1966). Most of
the precipitation occurs from October through May. Based on data collected from 1980
through 1994, the months with the highest average precipitation were March (2.2
inches), May (2.7 inches), and October (2.0 inches). June through August was the
driest period (Montgomery Watson, 1995). At Ogden, just north of Hill AFB, the
average temperature is 50.5 degrees Fahrenheit (*F); mean monthly temperatures range
from 25"F in January to 75"F in July. Winds average about 5 knots and are generally
out of the south and east-southeast, although winds from the north and northwest are
common.

3.2 SURFACE FEATURES 0 4

3.2.1 Geography and Physiography

Hill AFB is located in northern Utah, approximately 25 miles north of Salt Lake
City and 5 miles south of Ogden (Figure 1. 1). The Base covers 6,666 acres in Davis
and Weber Counties. The western boundary of the Base is near Interstate 15, and the I 4
southern boundary is near State Route 193. The western, northern, and northeastern
perimeters of the Base are bounded by the Davis-Weber Canal, a privately-owned
irrigation canal. The Wasatch Mountain Range is about 4 miles to the east, and the
Great Salt Lake is about 6 miles to the west. The Base is located within the Bonneville
Basin subsection of the Great Basin section of the Basin and Range physiographic
province.
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3.2.2 Ground Surface Topography

Hill AFB is located on a plateau that rises approximately 300 feet above the Weber
River Valley on the east and approximately 50 to 100 feet above Sunset and Clinton on
the west. Except for areas dissected by erosion, most of Hill AFB is relatively level,
ranging in altitude between approximately 4,550 and 4,800 feet above mean sea level .
(ft msi). Although the Tooele Rail Shop site is on nearly level ground, the ground
surface , the western side of the Base slopes to the west (Figure 3. 1). The elevation
of the Tooele Rail Shop is approximately 4,595 feet above msl.

3.2.3 Surface Hydrology

Precipitation at Hill AFB generally infiltrates through coarse-grained, near-surface
sediments to shallow perched water tables. Surface waters may locally flow in small
erosional gullies during storm events. The Weber River flows toward the northwest S
near the northeastern portion of the Base. To the west of the Tooele Rail Shop,
groundwater locally discharges to seeps and springs in the cities of 3unset and Clinton.
In the Tooele Rail Shop Area, surface stormwater flows to drain lires that service the
train steam cleaning and maintenance areas, and that run northward, parallel to the rail
lines and the Davis-Weber Canal (Section 1.2, Figure 1.3). In the cities of Sunset and
Clinton, stormwater flows to field drains and city stormwater collection systems
(Figure 2.2). The Davis-Weber Canal, a privately-owned canal used to supply
irrigation water, runs adjacent (west) to the Tooele Shop Area.

3.3 REGIONAL GEOLOGY AND HYDROGEOLOGY

3.3.1 Regional Geology

The geologic formations exposed at the surface in the vicinity of Hill AFB vary
from Precambrian-age crystalline bedrock at the western margin of the Wasatch
Mountain Range to Pleistocene unconsolidated deposits forming benches, plateaus, and
lowlands west of the Wasatch Front (Figures 3.2 and 3.3). The plateau upon which 0
Hill AFB is located is an erosional remnant of a fan-delta complex that formed as
sediments were transported from the Wasatch front into Pleistocene Lake Bonneville.
Cross-section X - X' (Figure 3.4, located on Figure 3.3) illustrates the aquifers and
confining units comprising the plateau and underlying formations. Coarse-grained fan-
delta deposits of the Provo stage of Lake Bonneville are present within the boundaries
of the Base. The fan-delta has been dissected along the northeastern perimeter of the
Base by the Weber River, creating a steep terrace. Silts, sands, and clays of the Alpine
stage of Lake Bonneville underlie the Provo deposits across much of the Base and are
exposed on the steep hillsides northeast of the Base and on the hilltops in the eastern
portion of the Base. Although older, some of the Alpine-stage sediments were
deposited at higher altitudes than Provo-stage sediments because the lake level was 0
higher during Alpine times.
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=:+ ++ -.....4, +_ .. V++ +!
Qa Quaternary Recem Alluvium: Permeable river sand and gravel; 200

includes mrudflow deposits near mounutains
which aw impermeable locally.

Qg Gravel: Permeable floodplain sand and
gravel.

Qs Sand: Permeable fine sands underlying low-
lands. 10-20

Qc Clay: Impermeable plastic to non-plastic 35+
clay overlaying artesian aquifer.

-* _ _ _UNCONFORMITY

Quaremajy Pleistocene (Lake Bonneville Group):
Provo Formation:

Qpg gravel, permeable; 5-20
Qpgs gravel and sand, permeable; 10-50

_ps sand, permeable 10-20

4 Qba Bonneville and Alpine Formation: sand and 5-50
travel over bedrock, very permeable

Alpine Formation:
Qa8gravel. permeable; <25
Qas sand, permeable; 100

_ac clay silt, fine sand, usually impermeable; 200

Q Unconsolidated basin-fill deposits >1000

UNCONFORMITY

CI Cambrian Middle to Late (?) Limestone: Silty with interbedded shale and 1375(.t)
dolomite. Permeable.

4 0 Lower to Middle (?) Tintic Quartzite: massive, cross- 500-700
bedded, pebbly. Permeable where fractred.

ANGULAR UNCONFORMITY

Pcf Precambrian Farmington Canyon Complex: metasedi- 10,000
mentary and metavolcanic rocks. Permeable
where jointed or fractured.

SOURCE: Modified from Feth et al. (1966)

FIGURE 3.2

GENERALIZED STRATIGRAPHY
OF THE HILL AFB AREA

OU5RNATS
Hill Air Force Base, Utah

PARSONS
ENGINEERING SCIENCE, INC.

Source: Radian, 1995. Denver, Colorado
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"In addition to the formations exposed at the surface, 2,000 to 3,000 feet of pre-Lake
Bonneville sediments are present in a north/south-trending graben underlying the area
of Hill AFB (Feth et al., 1966). This basin fill consists of thick sequences of
interbedded coarse alluvium and lacustrine clays. The coarse alluvial units are
successively older (and deeper) lobes and layers of the fan-delta complex, and they
function as artesian aquifers.

3.3.2 Regional Hydrogeology

Shallow (surficial) aquifers are present in unconsolidated deposits. In addition,
localized perched aquifers occur in shallower deposits at various locations on and
around Hill AFB. In the upper part of the delta, the interaction of Lake Bonneville and
the delta resulted in a complex system of interfingering lenticular strata where the more
coarse grained units likely act as preferential pathways for groundwater flow. Shallow
groundwater zones are constrained vertically with depth by the fine-grained units within
the Lake Bonneville Group deposits; with the base of the shallow groundwater system
(shallow unconfined aquifer) defined by an irregular contact with low-permeability clay
(Figure 3.4).

In the OU5 area, flow in the surficial aquifer is generally to the west and northwest.
Elsewhere on the Base, local groundwater flow in the surficial aquifers may be locally
controlled by topography or other features. Two aquifers in deeper unconsolidated
deposits supply water to area communities. The Sunset aquifer is found primarily
beneath the City of Sunset and the western portion of the Base (Figure 3.4). This
aquifer is approximately 250 to 400 feet below ground surface (bgs). The aquifer most
commonly used for water supply is the Delta Aquifer, which is approximately 500 to 0
700 feet bgs. The regional hydraulic gradient in the deeper aquifers is also to the west-
northwest. The potentiometric surfaces in the deep aquifers beneath the Base are
relatively flat. However, because of high pumpage, local perturbations of the
potentiometric surfaces are evident, and the potentiometric surfaces have been lowered
substantially.

Regionally, vertical components of groundwater flow are generally downward in
recharge areas near the mountain front and upward in discharge areas to the west of the
Base and near the Great Salt Lake, except in areas affected by groundwater pumping.
Beneath the Base, gradients are generally downward between the surficial aquifer and
the deeper aquifers. However, the downward migration of groundwater through the
confining units between the aquifers depends on the degree of hydraulic connection
between the aquifers, which in turn depends on the thickness and hydraulic properties
of the clay layers separating the aquifers. Drillers' logs indicate that the confining
units in the area of the Base are primarily tight blue-gray clay. The clays appear to
limit the amount of recharge and vertical leakage that directly reaches the deep aquifers
beneath the Base. The deep aquifer system becomes less confined and undifferentiated
near the mountain front and the mouth of Weber Canyon. The unconfined extension of
the deep aquifer system is the main source of recharge to those units. Recharge to the
deeper aquifers primarily occurs near the mountain front by direct infiltration into the
more permeable Lake Bonneville deposits and by seepage losses from the Weber River
near the mountain front.
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High-yield production wells at Hill AFB are screened in one or both coarse-grained 0
water-bearing units of the Delta Aquifer starting at about the 4,200-foot-msl elevation.
City well logs to the west and south of Hill AFB indicate that the upper water-bearing
unit or lobe of the Delta Aquifer fan complex thins and eventually terminates in these
directions. Therefore, this upper lobe is unique to the Hill AFB area. The lower
water-bearing unit of the Delta Aquifer is tapped elsewhere outside of the Base. The
shallower, lower yield Sunset Aquifer is more differentiated from the Delta Aquifer in
the areas west and southwest of the Base, and is used for water supply in these areas,
though less frequently than the Delta Aquifer.

3.4 OUS GEOLOGY AND HYDROGEOLOGY

The geologic and hydrogeologic features of the Tooele Rail Shop and nearby,
hydraulically downgradient areas have been defined during previous investigations by a
combination of auger drilling and continuous logging at a total of 82 locations on-Base
and 34 locations in Sunset and Clinton, and CPT at 106 locations on-Base and 54
locations off-Base. Additional Geoprobe installation of 10 monitoring points was
conducted during this RNA investigation. Many of these locations, especially those
relevant to this RNA TS, are shown on Figure 3.5. Depth to groundwater and
groundwater flow directions and rates have been defined from the collection of water-
level measurements in monitoring wells and points, slug testing in selected monitoring
wells, and the performance of pore-fluid dissipation tests at CPT locations.

3.4.1 Site Geology

0 The locations of two site hydrostratigraphic cross sections are shown in Figure 3.5, I 0
and cross-sections A-A' and B-B' are presented in Figures 3.6 and 3.7, respectively.
These cross-sections depict the surface topography, hydrostratigraphic units, and the
estimated groundwater surface along the section lines. The hydrostratigraphic cross-
sections were compiled primarily from results of previous investigations, supplemented
with data collected during the RNA field program.

I
The subsurface features in the vicinity of the Rail Shop and downgradient areas are

consistent with the regional setting of the Provo Formation fluvial-deltaic deposits of
interbedded clay, silt, sand, and gravel. In general, deposits in the rail shop area show
a fining-downward trend. These deposits have been grouped into three main geologic
units present in the following descending order (Radian, 1995):

"* Surficial gravelly sand grading to silty fine sand;

"* Interbedded fine sand, silt, and clayey silt and sand; and

"* Silty clay to clay.

The silty sand is the principal sediment making up the shallow aquifer underlying
the site, and consists of yellow-brown, fine- to medium-grained sand, occasionally
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interbedded with alternating layers of coarser sand and fine gravel and thin seams of silt
and clay. Underlying the sand and interbedded sand and silt deposits is a distinctive
gray to dark-gray silty clay. Most of the boreholes and CPT soundings terminated at
the top of this clay unit. Cross-section A-A' is oriented parallel to the general direction
of groundwater flow, and shows the east/west section through and downgradient from
the release point of the CAH plume. Cross-section B-B' provides a north/south view of
the stratigraphy and water levels at the rail shop, perpendicular to the direction of
groundwater flow at the site. Additional cross-sections are presented in the RI report

4 (Radian, 1995).

The Rail Shop is underlain by fine sand extending to approximately 25 to 30 feet
bgs, transitioning into interbedded silty sand and sandy silt, with some clay layers, near
the water table (Figure 3.6). These interbedded strata continue to at least 60 to 80 feet

4 bgs, and overlie a thin (5- to 20-foot thick) unit consisting of silty to sandy clay. This
thin, semi-confining layer overlies a lower silty sand to sandy silt interval. As shown
on cross-section A-A', the surface topography, subsurface strata, and water table dip to
the west from the on-Base Rail Shop. The shallow sand and silt water-bearing zones
thin, or pinch-out toward the west and are subtended by a thickening silt/clay layer.
The stratigraphic data west of the Base show the near-surface fine sand unit grading
into the silty sand/sandy silt unit, with relatively little indication of the fine sand unit D
that is observed beneath the Tooele Rail Shop area.

Cross-section B-B' (Figure 3.7) shows similar lithologic intervals in a south to north
orientation across the Rail Shop area. Intermediate, semi-confining silty to sandy clay
layers may not be continuous beneath the site, and may influence contaminant

4 migration pathways.

3.4.2 Site Hydrogeology

Groundwater flow directions and rates are controlled by topography, surface water
hydrology (recharge and discharge), and subsurface geology. Water table elevations

4 for October 1993, March 1995, and August 1996 are shown in Table 3.1, and the
water table in the shallow water-bearing zone in August 1996 is illustrated on Figure
3.8. Groundwater is 15 to 40 feet bgs in the Tooele Rail Shop area, and emerges at the
surface in the form of seeps and springs in the cities of Sunset and Clinton west of the
Base. Groundwater seeps and springs (Figure 3.8) occur downgradient at approximate

4 elevations of 4,435 to 4,450 feet msl (Meadows Park) and also at an approximate
elevation of 4490-4500 feet msl (Martin Spring). The presence of springs or seeps at
downgradient locations may result from several factors such as structural contacts with
clay units, topographic low spots, and upward hydraulic gradients in the lowland areas.

Groundwater flow is west to northwest on-Base and off-Base. The generally
4 westward flow direction is the same as that in deeper, drinking water aquifers. Water

levels measured in October 1993 and May/June 1994 indicated a flow direction
consistent with that of Figure 3.8 (See Appendix A [Radian, 1995]). In August 1996,
the depth to groundwater in the study area ranged from 58.66 feet bgs at MW130 to the
ground surface at the Martin and Meadow Park Springs. The depth to groundwater in
most of the off-Base plume area west of the Tooele Rail Shop is less than 12 feet. D
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TABLE 3.1
WATER LEVEL DATA

OU RNA TS
HILL AIR FORCE BASE, UTAH

Depth Elevation of Depth Elevation of Depth Elevation of
well Datum to water Wowe Table to Wowe Wate~rTable to Wat Wowe Table

Location Elevation Oct-93 Oct-93 Mar-96 Mar-96 Aug-96 Aug-96

(ft msI) rt b) (ft mi) (It to) (t ma•l (ft booc) (ft ANS)

MP-ls 4592.06 NAd NA NA NA 16.60 4575.46

MP-Id NA NA NA NA NA NA NA

4 MP-2s NA NA NA NA NA NA NA
MP-2d NA NA NA NA NA NA NA

NP-3d 4496.37 NA NA NA NA 10.41 4485.96

hP-4s 4444.92 NA NA NA NA 6.96 4437.96
MP-S5 4442.14 NA NA NA NA 5.05 4437.09

MP-6s 4436.83 NA NA NA NA 9.62 4427.21
4 MP-7s 4423.14 NA NA NA NA 9.00 4414.14

MP-8s 4413.68 NA NA NA NA 7.18 4406.50
MW-121 4594.66 29.13 4565.53 NN* NM 27.74 4566.92

MW-122 4585.66 24.47 4561.19 NM NM 23.09 4562.57

MW-123 4573,27 18.34 4554.93 NM NM NM NM

MW-124 4558.23 14.91 4543.32 NM NM 14.22 4544.01
4 MW-125 4582.31 15.83 4566.48 NM NM 14.58 4567.73

MW-126 4581.61 24.43 4557.18 NM NM 24.62 4556.99

MW-127 4580.40 17.03 4563.37 16.23 4564.17 16.06 4564.34

MNW-128 4580.27 18.02 4562.25 17.13 4563,14 16.83 4363.44
MW-129 4587.20 52.24 4534.96 52.41 4534.79 52.10 4535.10

MW-130 4585.39 58.77 4526.62 NM NM 58.66 4526.73
MW-131 4556.11 4.02 4552.09 3.14 4552.97 NM NM
MW-132 4354.45 5.19 4549.26 4.70 4549.75 NM NM

MW-133 4551.49 28.64 4522.85 NM NM 29.09 4522.40
MW-134 4529.00 16.13 4512.87 NM NM 16.90 4512.10

MW-135 4516.40 8.07 4508.33 8.00 4508.40 8.02 4508.38

MW-136 4516.95 7.91 4509.04 7.70 4509.25 7.90 4509.05

MW-137 4524.22 6.15 4518.07 5.50 4518.72 6.34 4517.88

MW-138 4524.00 6.73 4517.27 6.58 4517.42 NM NM
MW-139 4517.82 7.12 4510.70 NM NM 7.01 4510.81

MW-140 4478.89 6.44 4472.45 5.87 4473.02 6.57 4472.32
MW-141 4418.91 7.73 4411.18 NM NM 8.14 4410.77
MW-142 4476.18 11.73 4464.45 12.00 4464.18 12.07 4464.11

MW-143 4465.68 10.78 4454.90 10.42 4455.26 11.31 4454.37

IMW-144 4505.61 9.67 4495.94 10.63 4494.98 10.81 4494.80

IMW-145 4531.88 12.63 4519.25 NM NM 11.6-4 4520.23

(Continued)
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0
TABLE 3.1 (Cocluded)
WATER LEVEL DATA

OUS INA TS
MUL AM FORCE BASE, UTAH

J Depth Elevaion Of Depth Elevation of Depth Elevation of
Well Datum to Water Water Table to Water Water Table to Water Water Table

Location Elevedon Oct-93 Oct-" Mar-96 Mas-96 AUS-96 Aug-6
(ft mel)" 1f MI) (ftc) Jfle) (ft mel) (ft btoc) (~Jftet

MW-146 4517.71 3.41 4514.30 3.26 4514.45 3.57 4514.14
MW-147 443.62 5.86 4437.76 NM NM 5.70 4437.92
MW-148 4632.41 51.96 4580.45 NM NM 50.95 4581.46

MW-149 4634.59 46.12 4588.47 NM NM 43.69 4590.90
MW-150 4617.95 38.68 4579.27 NM NM 38.32 4579.63
MW-151 4607.74 46.74 4561.00 NM NM 46.48 4561.26
MW-152 4606.48 NA NA 36.61 4571.87 NM NM

MW-153 4642.51 NA NA 24.48 4618.03 23.49 4619.02
MW-l54 4532.44 NA NA 15.82 4566.62 15.51 4566.93
lAW-155 4582.44 NA NA 15.63 4566.31 15.14 4567.30
MW-156 4552.25 NA NA 9.41 4542.84 NM NM
MW-157 4553.66 NA NA 12.75 4540.91 NM NM

* MW-158 45M.02 NA NA 6.34 4495.68 7.58 4494.14 *
MW-159 4487.63 NA NA 7.47 4480.16 8.15 4479.48
MW-160 4494.63 NA NA 11.90 4482.73 NM NM
MW-161 4469.61 NA NA 9.36 4460.25 10.73 4458.A

MW-162 4458.64 NA NA 9.61 4449.03 11.13 4447.51

MW-163 4441.09 NA NA 6.30 4434.29 7.67 4433.42

MW-164 4433.64 NA NA 7.70 4425.94 10.32 4423.32
MW-165 4424.20 NA NA 6.01 4418.12 8.33 4415.87
MW-166 4497.53 NA NA NM NM NM NM

MW-167 4481.36 NA NA 5.12 4476.74 6.31 4475.55
MW-168 4475.93 NA NA 6.18 4469.80 7.45 4468.53
MW-169 4425.93 NA NA 5.9S 4419.95 NM NM

MW-170 4413.33 NA NA NM NM NM NM
MW-171 4411.00 NA NA NM NM NM NM
TAD-I 4613.05 NM NM NM NM NM NM

TAD-IA 4613.01 35.06 4577.95 NM NM 32.83 4580.13
TAD-2 458.29 25.58 4562.71 NM NM 24.12 4564.17
TAD-3 4537.54 24.40 4563.14 NM NM 23.10 4364.44

TAD-4 4587.69 23.17 4564.52 NM NM 21.75 4565.94
TAD-5 4478.9 11.54 4467.44 NM NM NM NM

AD-6 4522.89 3.24 45319.65 NM NM 4.22 4518.67
TAD-7 4522.89 5.00 4517.89 NM NM 5.51 4517.38

"fft mdl feet above mean we level.
h' ftbloc fee below top of caming.

" NA = not applicable, well/poirt not ibualled.
'NM - not nmieaund or not zwpoxted.
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- Across the OU5 area, the saturated thickness of the shallow aquifer ranges from about
5 to 50 feet. 0

On the basis of the hydrostratigraphic cross-sections (Figures 3.6 and 3.7), there
appear to be no lateral hydrogeological constraints on plume migration. However, the
silt/clay layer(s) beneath the plume may impede the downward migration of
contaminants to deeper water-bearing zones. This is supported by analytical results for
groundwater grab samples obtained during CPT sounding and data from nested
monitoring well pairs MW-127/128, MW-135/136, and MW-154/155 (Radian, 1995).

As noted, relatively coarse-grained units may channel groundwater flow and plume
migration in areas with complex and variable stratigraphy. Contaminants likely flow
preferentially through zones with higher hydraulic conductivities relative to surrounding
sediments. Given that the aquifers beneath Hill AFB consist of highly heterogeneous
alluvial sediments deposited in a fan-delta complex, this potential for preferential and
rapid migration in coarse-grained units must be considered when evaluating
groundwater contaminant migration. For example, groundwater velocity measurements
collected at OU5 using a borehole flowmeter (Wheeler, 1996) suggest that within a
single well, velocities may vary by a factor as great as 10. Across the site, velocities
reportedly may differ by a factor of nearly 70 (i.e., nearly two orders of magnitude).
This has also been observed at underground storage tank (UST) Site 870 at Hill AFB
[James M. Montgomery, Consulting Engineers, Inc. (JMM), 1993; Parsons ES, 1995].
At Site 870, slug and pumping tests were conducted in wells screened across different
stratigraphic intervals (e.g., some fine-grained and some coarse). Results of these tests
varied over two orders of magnitude, suggesting that for equivalent gradients and

O porosities, groundwater velocities at Site 870 could vary by two orders of magnitude. D •
In general at Site 870, wells with higher measured conductivities were screened mostly
across sandy intervals, while wells with lower measured conductivities were screened
mostly across finer-grained intervals (containing more silt and clay).

Hydraulic conductivity values were calculated for the surficial aquifer at OU5 from
43 monitoring well slug tests analyzed using the Bouwer and Rice (1976) and Bouwer
(1989) method (Radian, 1995). Hydraulic conductivity values reported by Radian
(1995) ranged from 0.1 foot per day (ft/day) to 113 ft/day. Examination of the slug test
results suggests these values may be somewhat high because the well casing and
borehole diameters rather than the radii were used in the analytical solution. Sensitivity
analysis using AQTESOLVO (Geraghty & Miller, Inc., 1994) indicates that the
hydraulic conductivity estimates are about one-third of the reported values if
well/borehole radii are used instead of diameters. In addition, it appears as though the
actual casing radius was used to analyze slug tests where the water level was rising in
the screen interval, instead of using a calculated effective casing radius as
recommended by Bouwer and Rice (1976) and Bouwer (1989). Further sensitivity
analysis indicated that use of an effective casing radius caused the resulting hydraulic
conductivity value to increase by a factor of approximately 6.

Applying the two correction factors described above to the Radian (1995) slug test
results (the correction for effective casing radius was applied only when the water level
was rising in the screened interval of the well) yields hydraulic conductivity values for
the shallow portion of the surficial aquifer (total of 37 tests) ranging from 0.07 ft/day
to 225 ft/day (Table 3.2 and Appendix D). Hydraulic conductivity data sets are often
022%72%91n.4LL\3.DOC 3-16
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TABLE 3.2
SUMMARY OF SLUG TESTING RESULTS

OUS RNA TS
HILL AIR FORCE BASE, UTAH

Well ID and Total Depth Hydrudic Average Corrected Average Corrected

Type of Shug of Weil Conductivity Hydraulc Conductivity' Hydraulic Conductivityo

Test (feet btoc)" Reported by Radian (1995) (ft/min) (ft/day)"

MW-121 FHT" 35.0

RHTf 1.22E-03 2.44E-03 3.51

MW-122 FHT 26.9 3.15E-04

RHT 6.30E-04 0.91

MW-123 FHT 26.9 1.45E-03

RHT 2.02E-03 3.47E-03 5.00

MW-124 FHT 23.0 1.15E-03

RHT 1.01E-03 2.16E-03 3.11

MW-125 FHT 27.5 4.03E-03

RHT 3.24E-03 1.21E-03 1.74

MW-126 FHT 41.0 6.25E-04

RHT 4.78E-04 1.84E-04 0.26

0 MW-127 FHiT 26.4 2.86E-03 5 0
RHT 2.81E-03 5.67E-03 8.16

MW-128 FHT 51.3 -

RHT _

MW-129 FifT 65.0 -

RHT _

MW-130 FHT 65.2 0.00019

RHT _ 3.80E-04 0.55

MW-131 IFHT 14.9 0.00705

RHT _ 2.35E-03 3.38

MW-132 FHT 17.4 0.0066

RHT 0.00656 2.19E-03 3.16

MW-133 FHT 35.0 0.00128

RHT 0.000665 1.95E-03 2.80

MW-134 FHT 25.9 0.00247

RHT 0.00892 1.90E-03 2.73

MW-135 FHT 30.2 0.000328

RHT 0.000306 1.06E-04 0.15

MW-136 FHT 17.1 0.00247

RHT 0.00353 3.94E-03 5.68

022nnfl2m/iILuixis 3-17
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TABLE 3.2 (Continued)
SUMMARY OF SLUG TESTING RESULTS

OU$ RNA TS
HILL AIR FORCE BASE, UTAH

Well ID and Total Depth Hydraulic Average Corrected Average Corrected

Type of Slag of Well Conductivity Hydraulic Conductivityo Hydraulic Conductivity"

Te" (feet bloc)" Reported by Radian (1995) (ft/min) (ft/day) 4

MW-137 FHT 15.8 0.00144

RHT 0.00104 4.13E-04 0.60

MW-138 FHT 38.8 -

RHT 0.000292 9.73E-05 0.14

MW-139 FHT 17.0 0.000416

RHT 0.000207 1.04E-04 0.15

MW-140 FHT 16.7 0.00248

RHT 0.00153 6.68E-04 0.96

MW-141 FHT 18.4 0.00106

RHT 0.00203 5.15E-04 0.74

MW-142 FHT 19.5 0.000303

R'HT_ - 6.06E-04 0.87

0 MW-143 FHT 19.7 0.001 * 0
RHT 0.00189 2.89E-03 4.16

MW-144 FHT 19.7 0.0393

RHT 0.0422 1.36E-02 19.56

MW-145 FHT 22.1 0.00563

RHT _ 1.88E-03 2.70

MW-146 FHT 15.3 0.00154

RHT 0.00147 5.02E-04 0.72

MW-147 FHT 15.5 0.00712

RHT 0.00377 1.82E-03 2.61

MW-148 FHT 61.8 0.00053

RHT 0.000378 9.08E-04 1.31

MW-149 FHT 60.2 0.000684

RHT 0.0000884 1.29E-04 0.19

MW-150 FHT 57.6 0.000192

RHT 0.000118 5 17E-05 0.07

MW-1S1 FHT 62.5 0.000242

RHT 0.0001 5.92E-05 0.09

TAD IA FHT 47.4

RHT 0.00171 5.70E-04 0.82

MW-152 RHT 47.3 8.30E-03 1.66E-02 23.90

22fnlIfIHLL IIXUS 3-18
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Af TABLE 3.2 (Continued)

SUMMARY OF SLUG TESTING RESULTS
OU5 RNA TS

HILL AIR FORCE BASE, UTAH

Well ID and Total Depth Hydraulic Average Corrected Average Corrected

Type of Slug of Well Conductivity Hydraulic Conductivityo Hydraulic Conductivityd

Test (feet btoc)/ Reported by Rmdian (1995) (ft/min) (fl/day),

_______ ~(ft/tinm) __ _ _ _ _

MW-153 RHT 40.3 0.003 6.OOE-03 8.64

MW-154 RHT 24.3 3.20E-03 6.40E-03 9.22

MW-155 RHT 60.3 1.20E-03 4.OOE-04 0.58

MW-156 RHT 20.3 6.60E-04 1.32E-03 1.90

MW-157 RHT 22.3 6.90E-03 1.38E-02 19.87

MW-158 RHT 18.3 2.30E-03 7.67E-04 1.10

MW-159 RHT 19.2 2.00E-03 6.67E-04 0.96

MW-160 RHT 21.3 7.80E-02 1.56E-01 224.64

MW-161 RHT 20.3 1.40E-03 2.80E-03 4.03

MW-162 RHT 21.9 3.40E-03 6.80E-03 9.79

MW-163 RHT 18.3 1.20E-02 4.OOE-03 5.76

MW-164 RHT 19.3 4.30E-03 8.60E-03 12.38

0 MW-165 RHT 19.3 5.OOE-03 1.00E-02 14.40

a/ feet btoc = feet below top of casing.
b/ ft/min = feet per minute.
c/ Corrected to incorporate use of well radius instead of well diameter

and effective casing radius when water level rising in screened interval.

Average of FHT and RHT.
d/ ft/day = feet per day.
e/ FHT = failing head test.
f/ RHT = rising head test.
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- log-normally distributed, and therefore the geometric mean is generally a better
representation of the average value than the arithmetic mean. The geometric mean
hydraulic conductivity for the shallow portion of the surficial aquifer is 2.3 ft/day.
Three slug tests were performed in wells screened in the lower portion of the surficial
aquifer (wells MW135, MW138, and MW155). The resulting hydraulic conductivity
values ranged from 0. 1 to 0.6 ft/day and averaged 0.3 ft/day.

Hydraulic conductivity values estimated from 45 pore-fluid dissipation tests
performed at 18 CPT locations ranged from 0.009 ft/day to 2.8 ft/day. Examination of
CPT logs indicated that 27 tests were performed in sandy silt to silty sand material; 10
tests were performed in interlayered silty sand, sandy silt, and clayey silt; and 8 tests
were performed in silty clay to clayey silt. The hydraulic conductivity range and
geometric mean for the three categories of deposits described above are summarized in
Table 3.3.

The lateral hydraulic gradient at OU5 ranged from 0.018 to 0.07 foot/foot (ft/ft) and
averaged approximately 0.03 ft/ft, based on the August 1996 groundwater surface
(Figure 3.8). Water level data from nested well pairs screened in the upper and lower
portions of the surficial aquifer indicate downward vertical hydraulic gradients at well
pairs MW127/128 (0.04 ft/ft) and MW135/136 (0.05 ft/ft), and an upward vertical
gradient at well pair MW154/155 (0.01 ft/ft). Water level data collected in March
1996 by Radian indicate that the magnitude and direction of the vertical gradients
during that measurement event were similar to those measured in August 1996.

The wide range of hydraulic conductivity values measured at OU5 indicates that the
* advective flow velocity is extremely variable spatially. Based on a hydraulic

conductivity range of 0.009 to 225 ft/day (derived from results of slug and pore-fluid
dissipation tests described above), an average hydraulic gradient of 0.03 ft/ft, and an
estimated effective porosity ranging from 0.05 (for a clayey material) to 0.30 (for a
sandy material), the advective groundwater flow velocity ranges from 0.005 ft/day to
22.5 ft/day [2 feet per year (ft/yr) to 8,212 ft/yr]. Assuming an average hydraulic
conductivity of 0.21 ft/day (from pore-fluid dissipation tests) to 2.3 ft/day (from slug
tests), the average hydraulic gradient of 0.03 ft/ft, and an estimated average effective
porosity of 0.20 for a silty sand to sandy silt (the dominant lithology in the surficial
aquifer) (Johnson, 1967; Barcelona et al. 1985), the average advective groundwater
flow velocity in the surficial aquifer ranges from 0.03 ft/day to 0.3 ft/day (11 to 110
ft/yr).

Thirty horizontal groundwater velocity measurements were made in a total of 10
wells located within or near the air sparging curtain located adjacent to Main Street in
the city of Sunset (Radian, 1996a). Horizontal flow velocities ranged from 0.1 to 3
ft/day in wells near the aeration curtain. The geometric mean for all velocity
measurements was 0.6 ft/day, which is higher than the average flow velocities
estimated using slug and pore-fluid dissipation test results. The higher flow velocities
near Main Street may result from the higher hydraulic gradients present in this area
(Figure 3.6).
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"TABLE 3.3
SUMMARY OF PORE-FLUID DISSIPATION TEST RESULTS

4 OUS RNA TS
HILL AIR FORCE BASE, UTAH

Type of Deposit Hydraulic Conductivity Geometric Mean
Range (feet per day) Hydraulic Conductivity

4 (foot per day)
Sandy Silt to Silty Sand 0.009 to 2.8 0.4
Interlayered Silty Sand, 0.014 to 1.7 0.2
Sandy Silt, and Clayey Silt I __I

Silty Clay to Clayey Silt 0.02 to 0.85 0.06

* Source: Radian, 1995

The advective velocity of groundwater in 0- direction parallel to groundwater flow
is given by:

- KdH
VU=f n, dL

Where: v = Average advective groundwater velocity (seepage velocity) [L/T]
p 0 *

K = Hydraulic Conductivity [L/T]

dH/dL = Hydraulic Gradient [L/L]
N = Effective porosity

3.5 SURFACE AND GROUNDWATER USE

Groundwater from the shallow aquifer at Hill AFB is not extracted for beneficial
use. Water used at the Base is supplied by deep (>600 feet) wells, occasionally

4 supplemented by water purchased from the Weber, Basin Water Conservancy District
during summer months (Radian, 1995; SAIC, 1989). The cities of Sunset and Clinton
also obtain potable water from deep wells screened in the Delta Aquifer, although some
residents have shallow wells or use springs to irrigate gardens. Martin Spring, located
in Sunset (Figure 3.8), is used to fill a swimming pool.

4 The Davis-Weber Canal Company provides irrigation water to the area from the
Weber River via the Davis-Weber Canal, which flows past the OU 5 site (Figure 3.6).
Water in the Davis-Weber Canal is used solely for irrigation. The relationship of
surface water in this canal to shallow groundwater beneath the canal is not addressed in
the RI report (Radian, 1995). A water rights search conducted by Radian (1995)

• indicates several points of diversion for shallow domestic wells, springs, and drains in
the vicinity. No deep production wells were included in the water rights search, and
the area encompassed by the survey is not given by the investigators.

t O22\729691\HI-LL3.DOC 3-21

*

S...•mm S SanntimumnmnI Suin Smm~nmllInll S 5 0



Because of the shallow water table in the off-Base area, field d:ains were installed in
the early 1900s in Sunset and Clinton to control shallow groundwater flow. These field
drains are believed to locally alter shallow groundwater flow patterns. The
construction and installation of the field drains by farmers did not conform to a plan
and generally were not documented. The probable locations of field drains and
historical wells in the Sunset and Clinton areas, as determined from a water rights
survey and personal interviews with residents and city officials, are shown on Figure
3.8. The drains were usually installed in trenches excavated from 2 to 12 feet deep and
1 to 2 feet wide. Early drains were constructed of short sections of 6-inch-diameter
clay pipe that were not connected. During the last 30 years, farmers began using 6-
inch-diameter perforated plastic pipe that was available in 100-foot lengths. The
current impact of these field drains on shallow groundwater flow and contaminant
transport is not well understood; however, potential impacts suggested by the
groundwater quality data are discussed in Section 4.3.1.
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SECTION 4

4 CONTAMINANT DISTRIBUTION AND EVIDENCE OF
BIODEGRADATION

As discussed in Section 1, contaminants at OU5 were introduced as a result of
discharge of wastewater containing solvents into a leachfield at the Tooele Rail Shop.

4 The RI performed by Radian (1995) focused on defining the nature and extent of
contamination at the site. Results of the RI that are useful for the objectives of this TS
are summarized in the following subsections, along with data collected during the field
phase of this work. In particular, this section will focus on data useful for evaluating
and modeling natural attenuation of CAHs.
4.1 RESULTS OF SOIL SAMPLING 6

4.1.1 Organic Contaminants Detected in Soils

Soil samples collected during this RNA field investigation were not analyzed for
4 0contaminants due to the substantial volume of soil quality data obtained during the RI

(Radian, 1995). During the RI, 24 surface soil samples and 131 subsurface soil
samples were analyzed for VOCs; most of these samples also were analyzed for
semivolatile organic compounds (SVOCs), including polynuclear aromatic
hydrocarbons (PAHs). Selected samples also were analyzed for pesticides,
polychlorinated biphenyls (PCBs), and total petroleum hydrocarbons (TPH). Figures

4 4.1 and 4.2 show the distributions of these analytes in soil.

Organic contaminants were detected at concentrations exceeding maximum
background levels throughout the Tooele Rail Shop area during the RI. Soil
contamination was most prevalent near Buildings 1701 and 1723A. In the Building
1701 area, CAHs were detected in soil samples from borehole 553, located just
downslope from the former outdoor parts cleaning operations and oil/water separator
TFigure 4.1). CAHs detected (and their maximum concentrations) included TCE (520
micrograms per kilogram [gg/kg]); 1, 1-dichloroethane (DCA) (350 Mg/kg); and 1,1,1-
TCA (280 gg/kg). Maximum CAH concentrations were detected in borehole 553 at 10
to 12 feet bgs; concentrations in the sample collected from 18 to 20 feet bgs at this

* location were one to two orders of magnitude lower. The highest TPH concentration
detected in this area (4,600 milligrams per kilogram [mg/kgl) also was detected in a
sample from this borehole at 10 to 12 feet bgs. The depth to groundwater in this area
in August 1996 was approximately 23 feet bgs.
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As shown on Figure 4.2, the CAH l,1,I-TCA was detected in three samples
obtained from two soil boreholes near Building 1723A. Other targeted CAHs were not
detected. The maximum 1,1, 1-TCA concentration of 96 jtg/kg was detected in a 0
sample from borehole 714 at a depth of 20 to 22 feet bgs. Groundwater was
encountered during soil borehole drilling in this area at depths of approximately 20 to A
24 feet bgs. Elevated concentrations of TPH, PAHs, and aromatic VOCs also were
detected near Building 1723A from the ground surface to 20 feet bgs. The maximum
TPH concentration of 12,136 mg/kg was detected in surface soil (0 to 1 foot bgs) from
borehole 566. Maximum PAH and aromatic VOC concentrations were also detected in
this sample, or in surface samples from adjacent boreholes 567 and 568.

4.1.2 Total Organic Carbon in Soil

TOC concentrations are used to estimate the amount of organic matter sorbed to soil 0
particles or trapped in the interstitial passages of a soil matrix. The TOC concentration
in the saturated zone is an important parameter used to estimate the amount of
contaminant that could potentially be sorbed to the aquifer matrix. Sorption results in
retardation of the contaminant, ',,me relative to the average advective groundwater
velocity. In addition, TOC can be used as a gross indicator of organic compounds that
are available as a source of carbon and electrons (i.e., substrate) for microbial activity. 0

Soil TOC concentrations were measured in seven samples collected outside or near
the margins of the TCE plume during monitoring point installation in August 1996.
Each sample was collected over a 3- to 4-foot interval from the saturated zone within or
near the monitoring point screen interval; the samples were each split into two

0 subsamples at the analytical laboratory. Results for each subsample are presented in S 6
Table 4.1. Soil TOC concentrations ranged from 0.024 percent to 0.293 percent, with
the highest concentrations occurring in the silty clay soils from monitoring point MP3d.
TOC concentrations in soils consisting primarily of sand or silt (all samples except for
MP3) ranged from 0.024 percent to 0.058 percent, with a mean concentration of 0.043
percent. Groundwater and dissolved contaminants would preferentially migrate through
these' more permeable deposits rather than through more clayey zones.

The TOC concentrations measured in OU5 soil samples are similar to the
concentrations of 0.069 to 0.094 percent measured in fluvial-deltaic sands collected at
the Hill AFB petroleum, oils, and lubricants (POL) storage facility and reported by
Wiedemeier et al. (1996a). TOC concentrations measured in 19 Hill AFB OUI soil
samples ranged from less than 0.05 to 2.4 percent and averaged 0.81 percent
(Montgomery Watson, 1995). Petroleum hydrocarbon (fuel) contamination is present
in soils at this OU, and it is not known whether fuel-contaminated soils were sampled
for TOC analysis, resulting in elevated TOC values.

4.2 OVERVIEW OF CAH BIODEGRAoATION IN GROUNDWATER

Groundwater quality data obtained during the RI (Radian, 1995) and this TS indicate
that CAH compounds are the primary contaminants of concern in groundwater;
dissolved petroleum hydrocarbons are not present in sufficient concentrations in
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TABLE 4.1
SOIL TOTAL ORGANIC CARBON CONCENTRATIONS

AUGUST 1996
OU$ RNA TS

HILL AIR FORCE BASE, UTAH

Sample Depth Soil Type Total Organic Carbon' Mean TOC
Location (feet bs) I I (%) I L%)

MP-1 s 20-24 fine sand 0.024 0.026
0.027

MP-2 s 24-28 fine sand/occ. silty 0.04 0.039
0.037

MP-3 d 31.5-35.5 silty clay 0.293 0.29
0.286

MP-4 s 11-15 sandy, clayey silt 0.053 0.054
0.055

MP-6 s 11-15 sandy, clayey silt 0.046 0.045
0.043

MP-7 s 11-15 sandy, clayey silt 0.056 0.057
0.058

MP-8 s 11-14 sandy, clayey silt 0.039 0.039
0.038

a/ Moisture-adjusted result for two subsamples from each depth. *
Note: Analysis method was SW9060, modified.
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"- groundwater to be considered contaminants of concern. Therefore, this section focuses 6
on natural attenuation (specifically biodegradation) of CAHs. Mechanisms for natural
attenuation of CAHs include biodegradation, dispersion, dilution from recharge and 0
upgradient flow, sorption, and volatilization. Of these processes, biodegradation is the
only mechanism working to transform contaminants into innocuous byproducts. When
indigenous microorganisms work to bring about a reduction in the total mass of
contamination in the subsurface without the addition of nutrients, these biodegradation
processes are considered intrinsic.

In the past several years, numerous studies have demonstrated the effectiveness of
biodegradation at remediating dissolved benzene, toluene, ethylbenzene, and xylenes
(BTEX) concentrations (Wiedemeier et al., 1995). Chlorinated solvents also can be
transformed, directly or indirectly, by biological processes (e.g., Bouwer et al., 1981;
Miller and Guengerich, 1982; Wilson and Wilson, 1985; Nelson et al., 1986; Bouwer
and Wright, 1988; Little et al., 1988; Mayer et al., 1988; Arciero el al., 1989; Cline
and Delfino, 1989; Freedman and Gossett, 1989; Folsom et al., 1990; Harker and
Kim, 1990; Alvarez-Cohen and McCarty, 1991a, 1991b; DeStefano et al., 1991;
Henry, 1991; McCarty et al., 1992; Hartmans and de Bont, 1992; McCarty and
Semprini, 1994; Vogel, 1994). Biodegradation of CAHs, while similar in principle to
biodegradation of BTEX, typically results from a more complex series of processes.

Microorganisms produce energy for life processes (i.e., cell production and
maintenance) by oxidizing organic matter. Microorganisms facilitate the degradation of
these organic compounds by transferring electrons from an electron donor to available
electron acceptors. The amount of energy that can be released when a reaction occurs
or that is required to drive the reaction to completion is quantified by the free energy of
the reaction (Stumm and Morgan, 1981; Bouwer, 1994; Chapelle, 1993; Godsey,
1994; Mueller et al., 1994). Microorganisms will facilitate only those
reduction/oxidation (redox) reactions that will yield energy. By coupling the oxidation
of the electron donor (eg., fuel hydrocarbon compounds, native organic carbon, low-
molecular weight CAHs), which requires energy, to the reduction of the electron
acceptor (e.g., oxygen, nitrate, manganese, ferric iron, sulfate, carbon dioxide, and
possibly CAHs), which yields energy, the overall reaction will yield energy.

In a pristine aquifer, native organic carbon is utilized as an electron donor, and DO
is utilized first as the prime electron acceptor. Where anthropogenic carbon (e.g., fuel
hydrocarbons or low-molecular-weight CAHs) is present, it also will be utilized as an
electron donor. After the DO is consumed, anaerobic microorganisms typically use
native electron acceptors (as available) in the following order of preference: nitrate,
ferric iron oxyhydroxide, sulfate, and finally carbon dioxide.

Whereas BTEX is biodegraded in essentially one step by acting as an electron
donor/carbon source, CAHs may undergo several types of biodegradation involving
several steps. CAHs may undergo biodegradation through three different pathways:
use as an electron acceptor, use as an electron donor, or cometabolism, which is
degradation resulting from exposure to a catalytic enzyme fortuitously produced during
an unrelated process. At a given site, one or all of these processes may be operating,
although at many sites the use of CAHs as electron acceptors appears to be most likely.
Because CAHs may be used as electron acceptors or electron donors (in competition
with other acceptors or donors), isopleth maps showing the distribution of these
022fl29691/H1LLJ4.DOC 4-6
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compounds can provide evidence of the types and locations of biodegradation processes 0
acting at a site. In order to provide a foundation for interpreting site data, the
following subsections review the major bioremediation processes that act upon CAHs.

4.2.1 Electron Acceptor Reactions (Reductive Dehalogenation)

Under anaerobic conditions, biodegradation of chlorinated solvents usually proceeds
through a process called reductive dehalogenation. During this process, the
halogenated hydrocarbon is used as an electron acceptor, not as a source of carbon, and
a halogen atom (i.e., chlorine) is removed and replaced with a hydrogen atom. Figure
4.3 illustrates the transformation of chlorinated ethenes via reductive dehalogenation.
In general, reductive dehalogenation occurs by sequential dehalogenation from
tetrachloroethene (PCE) to TCE to dichloroethene (DCE) to vinyl chloride (VC) to
ethene. Depending upon environmental conditions, this sequence may be interrupted,
with other processes then acting upon the products. During reductive dehalogenation,
all three isomers of DCE can theoretically be produced; however, Bouwer (1994)
reports that under the influence of biodegradation, cis-l,2-DCE is a more common
intermediate than trans-i,2-DCE, and that 1,1-DCE is the least prevalent intermediate
of the three DCE isomers. Reductive dehalogenation of chlorinated solvent compounds

4 is associated with the accumulation of daughter products and an increase in chloride.

Reductive dehalogenation affects each of the chlorinated ethenes differently. Of
these compounds, PCE is the most susceptible to reductive dehalogenation because it is
the most oxidized. Conversely, VC is the least susceptible to reductive dehalogenation
because it is the least oxidized of these compounds. The rate of reductive

4 dehalogenation also has been observed to decrease as the degree of chlorination I 0
decreases (Vogel and McCarty, 1985; Bouwer, 1994). Murray and Richardson (1993)
have postulated that this rate decrease may explain the accumulation of VC in PCE and
TCE plumes that are undergoing reductive dehalogenation.

In addition to being affected by the degree of chlorination of the CAH, reductive
dehalogenation can also be controlled by the redox conditions of the site groundwater

system. In general, reductive dehalogenation has been demonstrated under anaerobic
nitrate- and sulfate-reducing conditions, but the most rapid biodegradation rates,
affecting the widest range of CAHs, occur under methanogenic conditions (Bouwer,
1994). Dehalogenation of PCE and TCE to DCE can proceed under mildly reducing

4 conditions such as nitrate reduction or iron (III) reduction (Vogel et al., 1987), while
the transformation of DCE to VC, or the transformation from VC to ethene requires
more strongly reducing conditions (Freedman and Gossett, 1989; DeStefano et al.,
1991; De Bruin et al., 1992).

Because CAH compounds are used as electron acceptors, there must be an
4 appropriate source of carbon for microbial growth in order for reductive dehalogenation

to occur (Bouwer, 1994). Potential carbon sources can include low-molecular-weight
compounds (e.g., lactate, acetate, methanol, or glucose) present in natural organic
matter, or anthropogenic sources such as fuel hydrocarbons.
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4.2.2 Electron Donor Reactions

Under aerobic conditions some CAH compounds can be utilized as the primary
substrate (i.e., electron donor) in biologically mediated redox reactions (McCarty and
Semprini, 1994). In this type of reaction, the facilitating microorganism obtains energy 4
and organic carbon from the degraded CAH. In contrast to reactions in which the
CAH is used as an electron acceptor, only the least oxidized CAHs (e.g., VC, DCE, or
chlorobenzene) may be utilized as electron donors in biologically mediated redox
reactions.

For example, while Murray and Richardson (1993) write that microorganisms are
generally believed to be incapable of growth using TCE and PCE, other less
chlorinated CAHs have been shown to be used as substrates. Davis and Carpenter
(1990) describe the aerobic oxidation of VC in groundwater. McCarty and Semprini
(1994) describe investigations in which VC and 1,2-DCA were shown to serve as
primary substrates. These authors also document that dichloromethane has the potential
to function as a primary substrate under either aerobic or anaerobic environments.
Klier et al. (1996) describe aerobic mineralization of all three isomers of DCE. In
addition, Bradley and Chapelle (1996) show evidence of oxidation of VC under iron-
reducing conditions so long as there is sufficient bioavailable iron (III).

4.2.3 Cometabolism

When a CAH is biodegraded through cometabolism, it serves as neither an electron
acceptor nor a primary substrate in a biologically mediated redox reaction. Instead, the

• degradation of the CAH is catalyzed by an enzyme or cofactor that is fortuitously 0
produced by organisms for other purposes. The organism receives no known benefit
from the degradation of the CAH; rather the cometabolic degradation of the CAH may
in fact be harmful to the microorganism responsible for the production of the enzyme
or cofactor (McCarty and Semprini, 1994).

Cometabolism is best documented in aerobic environments, although it potentially
could occur under anaerobic conditions. Aerobic biodegradation pathways for
chlorinated ethenes are illustrated in Figure 4.4. It has been reported that under
aerobic conditions chlorinated ethenes, with the exception of PCE, are susceptible to
cometabolic degradation (Murray and Richardson, 1993; Vogel, 1994; McCarty and
Semprini, 1994). Vogel (1994) further elaborates that the cometabolism rate increases
as the degree of dehalogenation decreases.

In the cometabolic process, TCE is indirectly transformed by bacteria as they use
BTEX or another substrate to meet their energy requirements. Therefore, TCE does
not enhance the degradation of BTEX or other carbon sources, nor will its
cometabolism interfere with the use of electron acceptors involved in the oxidation of
those carbon sources. It is likely that depletion of suitable substrates (BTEX or other
organic carbon sources) limits cometabolism of CAHs.
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-" 4.2.4 Behavior of Chlorinated Solvent Plumes

Chlorinated solvent plumes can exhibit three types of behavior depending on the
amount of solvent, the amount of organic (native and/or anthropogenic) carbon in the
aquifer, the distribution and concentration of natural electron acceptors, and the types
of electron acceptors being utilized. Individual plumes may exhibit all three types of
behavior in different portions of the plume. The different types of plume behavior are
summarized below.

4.2.4.1 Type 1 Behavior

Type 1 behavior occurs where the primary substrate is anthropogenic carbon (e.g.,
BTEX or landfill leachate), and this anthropogenic carbon drives reductive
dechlorination. When evaluating natural attenuation of a plume exhibiting type I
behavior the following questions must be answered:

1) Is the electron donor supply adequate to allow microbial reduction of the
chlorinated organic compounds? In other words, will the microorganisms
"strangle" before they "starve" [i.e., will they run out of chlorinated aliphatic
hydrocarbons (electron acceptors) before they run out of primary substrate
(anthropogenic carbon)]?

2) What is the role of competing electron acceptors (e.g., DO, nitrate, iron (III),

and suaLate)?

* 3) Is VC oxidized, or is it reduced?

Type I behavior results in the rapid and extensive degradation of the highly chlorinated
solvents such as PCE, TCE, and DCE.

4.2.4.2 Type 2 Behavior

Type 2 behavior dominates in areas that are characterized by relatively high
concentrations of biologically available native organic carbon. This natural carbon
source drives reductive dehalogenation (i.e., the primary substrate for microorganism
growth is native organic -.arbon). When evaluating natural attenuation of a type 2
chlorinated solvent plume, the same questions as those posed in the description of type
1 behavior must be answered. Type 2 behavior generally results in slower
biodegradation of the highly chlorinated solvents than Type 1 behavior, but under the
right conditions (e.g., areas with high natural organic carbon contents), this type of
behavior also can result in rapid degradation of these compouzads.

4.2.4.3 Type 3 Behavior

Type 3 behavior dominates in areas that are characterized by low concentrations of
native and/or anthropogenic carbon, and concentrations of DO that are greater than
1.0 milligram per liter (mg/L). Under these aerobic conditions reductive
dehalogenation will not occur. Thus there is little or no removal of PCE and TCE.
Biodegradation may proceed via the much slower process of cometabolism, but will be
limited by the low concentrations of native or anthropogenic carbon. The most
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. significant natural attenuation mechanisms for CAHs will be advection, dispersion, and
( sorption. However, VC can be rapidly oxidized under these conditions, DCE may be

oxidized, and cometabolism also may occur.

4.2.4.4 Mixed Behavior

As mentioned above, a single chlorinated solvent plume can exhibit all three types of
behavior in different portions of the plume. This can be beneficial for natural
biodegradation of CAH plumes. For example, Wiedemeier et al. (1996b) describe a
plume at Plattsburgh AFB, New York that exhibits Type 1 behavior in the source area
and Type 3 behavior downgradient from the source. The best scenario involves a
plume in which PCE, TCE, and DCE are reductively dehalogenated (Type 1 or Type 2
behavior), then VC is oxidized (Type 3 behavior), either aerobically or via iron
reduction. VC is oxidized to carbon dioxide in this type of plume and does not
accumulate. The following sequence of reactions occurs in a plume that exhibits this
type of mixed behavior.

PCE -) TCE --> DCE -- VC -+Carbon Dioxide

In general, the TCE, DCE, and VC may attenuate at approximately the same rate,
and thus these reactions may be confused with simple dilution. Note that no ethene is
produced during this reaction. VC is removed from the system much faster under these
conditions than it is under VC-reducing conditions.

A less desirable scenario, but one in which all contaminants may be entirely
0 biodegraded, involves a plume in which all CAHs are reductively dehalogenated via

Type I or Type 2 behavior. VC is reduced to ethene, which may be further reduced to
ethane or methane. The following sequence of reactions occur in this type of plume.

PCE -+ TCE -* DCE -+ VC -+ Ethene or Ethane

This sequence has been investigated by Freedman and Gossett (1989). In this type
of plume, VC degrades more slowly than TCE, and thus tends to accumulate.

4.3 DISTRIBUTION OF CAHS AND DAUGHTER PRODUCTS

One of the most straightforward methods for evaluating the site-specific occurrence
and method(s) of biodegradation of CAHs is to measure the distribution of target CAHs
and their biodegradation byproducts. At the same time, it is also useful to measure the
distribution of other contaminants that may be acting as sources of electron donors
(e.g., BTEX).

Because reductive dehalogenation is the most common biodegradation reaction, a
typical pattern (for example, as presented by Vogel, 1994) would have TCE (and or
PCE) concentrations being highest in the source area, with elevated DCE
concentrations (consisting mostly of cis-1,2-DCE) in and just downgradient from the
source area. Vinyl chloride concentrations could be present along the entire plume
length, with the highest VC concentrations likely to be found near the downgradient
end of the CAH plume. If VC is being reductively dehalogenated, dissolved ethene
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1 will also be present downgradient of the source area, in the vicinity of the highest
1. concentrations of VC. Data collected at OU5 are discussed in the following

* subsections.

4.3.1 Distribution of TCE in Groundwater

As described in Section 1.2, TCE was reportedly used at the Tooele Rail Shop from
approximately 1949 to 1964. Similar to previous investigations, the August 1995
groundwater quality data show that TCE is the most widespread CAH present in
groundwater at OU5, and is also the CAH present at the highest concentrations.
Analytical results for TCE dissolved in groundwater samples are summarized in Table
4.2, and the areal distribution of TCE concentrations measured in August 1996 is
shown on Figure 4.5. The August 1996 distribution of TCE is very similar to that
measured during previous sampling events. The primary solvent source appears to be
the former leachfield near Building 1723A. However, the presence of TCE dissolved
in groundwater north of the Tooele Rail Shop in the vicinity of Building 1781 and
upgradient (east) from the shop at wells MW148 and MW149 indicate the presence of
other, relatively minor sources. The TCE detected north and east of the Rail Shop may
be related to the former wastewater treatment plant and waste disposal practices at the

4 former Base housing area, respectively (Radian, 1995).

The substantial decrease in TCE concentrations between wells MWI59 (227
micrograms per liter [gig/L]) and MW143 (90 jig/L), near the western end of the
100-jig/L TCE isopleth, may be related to the (probable) presence of a north/south-
trending drain line between the two wells (Figure 4.5). Groundwater contaminated

4 with TCE may discharge to the drain line, causing it to act as a partial barrier to
contaminant migration. The source of the TCE detected north of the main plume and
west of the north end of Meadows Park (well:; MWI41 and MW165) is not known, but
may be related to leakage from a second, nearby field drain that is believed to trend
southeast/northwest (Figure 4.5). TCE also was detected at a concentration of 5.2
4ig/L in a surface water sample collected from a concrete-lined channel that bounds
Meadows Park on the north side. Radian (1995) reports that it is unclear (though
possible) that this water is related to the field drain.

A vertical profile of the August 1996 TCE plume along cross-section line A-A'
(Figure 4.5) is shown on Figure 4.6. Field gas chromatograph (GC) screening results

4 of discrete pore fluid samples collected in 1993 by Radian (1995) are also shown on
this figure. The highest dissolved TCE concentrations in the vicinity of the former
gravel leachfield (the primary source area) appear to occur in the shallow portion of the
surficial aquifer. This is evidenced by the TCE concentrations in shallow well MW154
(259 g.tg/L) and deep well MW155 (61.9 ptg/L). The 1993 detection of 250 iPg/L TCE
in the pore fluid sample collected from upgradient CPT borehole C829 is anomalous

* and does not agree with water quality data from adjacent well MW148.

At well pair MW137/138, TCE concentrations are higher in the deeper well,
indicating that the plume has migrated vertically as well as horizontally to the west.

4
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4
This vertical migration may be caused primarily by the presence of a downward
vertical hydraulic gradient in this area. In addition, stratigraphic information presented
by Radian (1995) indicates that the uppermost silt/clay layer depicted on Figure 4.6 is
not a continuous aquitard, but is composed of silty to clayey interbeds that may be
laterally discontinuous. Therefore, this finer-grained zone is not an effective, laterally
continuous barrier to downward migration of contaminants.

Further to the west in the vicinity of monitoring point MP3, stratigraphic and water
quality data suggest that the plume migrates to shallower portions of the surficial
aquifer due to the pinching out of the deeper sandy zone. This interpretation is
supported by the sampling results from monitoring point MP3 (TCE <1 ag/L) and the
lack of TCE detections in the two pore fluid samples obtained from the adjacent CPT
borehole C832. In addition, the soil sample collected from a depth of 31.5 to 35.5 feet
bgs (just below the screen of MP3) was described as silty clay, indicating that the sandy
zone encountered further to the east is not continuous at this location and depth.

4.3.2 Distribution of PCE in Groundwater

As shown on Figure 1.4, PCE was used at Hill AFB starting in the late 1960s.
Historically, trace concentrations of PCE (< I ptg/L) have been detected in wells
MW122, MW123, MW146, MW158, and at Martin Spring, south of the main TCE
plume. During the September/October 1993 and September 1995 sampling events
performed by Radian (1995 and 1996b), PCE was detected in well MWl41 at
concentrations of 133 lag/L and 333 lag/L, respectively. This well is located in the
northwestern portion of the study area, north of the main TCE plume (Figure 4.5). As
described above for TCE, the source of this solvent contamination west of the north p
end of Meadows Park is not known. Given that PCE was not detected elsewhere
except for the five trace detections south of the TCE plume listed above, this secondary
plume may be associated with a different source than the main TCE plume to the south,
such as leakage from a nearby northwest/southeast-trending field drain. During this
TS, PCE was detected only in wells MWl41 (253 lag/L), MW146 (<1 lag/L), I
MW122(< I p.g/L), and MW124 (<1 g/L) (Table 4.2).

4.3.3 Distribution of TCA in Groundwater

Figure 1.4 indicates that TCA has been used as a solvent at Hill AFB since the late
1960s. The CAH 1,1,I-TCA was detected during the RI (Radian, 1995) and this TS,
but at generally lower concentrations and covering a smaller areal extent than TCE.
August 1996 analysis results for 1,1,1-TCA are summarized in Table 4.2. As shown
on Figure 4.7, the August 1996 sampling results indicate the presence of two discrete,
narrow plumes of 1,1,1-TCA having concentrations exceeding 5 P.g/L. One plume
appears to be sourced at the former leachfield near Building 1723A, and extends to
thewest beneath the city of Sunset. Like TCE, which appears to migrate to deeper
portions of the surficial aquifer west of Main Street, concentrations of 1, 1, 1-TCA are
present in deeper portions of the aquifer, though tizey appear to remain most elevated in
the shallow portion of the surficial aquifer (see data for well pair MW137/MW138,
Figure 4.7). The second 1,1,1-TCA plume appears to be sourced in the vicinity of
Building 1701. Concentrations of 1,1,1-TCA in this plume exceed the TCE
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concentrations detected in this area. The USEPA maximum contaminant level (MCL)
and State of Utah water quality standard for 1, 1, 1 -TCA are both 200 sg/L; therefore, ()
neither of these plumes is of regulatory concern.

4.3.4 Distribution of DCE in Groundwater 4

Isomers of DCE detected in August 1996 groundwater samples include 1, 1-DCE,
cis-1,2-DCE, and trans-1,2-DCE. The DCE isomer detected most often and at the
highest concentrations was cis-1,2-DCE. As measured in August 1996, the cis-1,2-
DCE concentrations detected in site groundwater ranged from less than 1 gig/L to 15.6
pg/L, with the highest concentration detected in the primary source area at well
MW154 (Table 4.2 and Figure 4.8). Low levels of cis-1,2-DCE (less than 5 pg/L)
were detected as far downgradient as well MW163, located approximately 560 feet
west of the Sunset/Clinton corporate boundary. The sampling data indicate that cis-
1,2-DCE concentrations exceeding 5 jig/L do not extend more than approximately
1,900 feet west of the source area, as shown on Figure 4.8.

Data for well pairs in the DCE plume indicate that this chemical has penetrated the
deeper portions of the surficial aquifer. The location and shape of the August 1996 cis-
1,2-DCE plume coincides with that of the TCE plume (Figure 4.5), suggesting that
TCE is being degraded to DCE via reductive dehalogenation in groundwater at OUS.
However, the low magnitude of DCE concentrations relative to TCE concentrations,
and the substantially greater areal extent of the TCE plume, suggests that only a minor
fraction of the TCE is being reductively dehalogenated. As noted in Section 4.2.1,
cis-1,2-DCE is a more common daughter product of this process than the other DCE

0 isomers. The sample from MW154, which had the highest cis-l,2-DCE concentration I 0
in August 1996, also had the only detectable concentration of trans-1,2-DCE (<1

g/IL).

A cis-1,2-DCE concentration of 50 pg/L was detected in well MW132 in October
1995, indicating that reductive dehalogenation rates are higher immediately
downgradient from the source area. This well, which was located along Main Street,
was not found during the August 1996 sampling event, and appears to have been
destroyed during construction of the air sparging system along the east side of Main
Street. The higher reductive dehalogenation rate appears to be very localized, and is
not sustained in more downgradient portions of the plume. The rapid reduction in
cis-1,2-DCE concentrations west of MW132 suggests that this compound is being
aerobically degraded.

Low concentrations of the CAH 1, 1-DCE (ranging from < 1.0 Pg/L to 2.3 Ag/L)
were detected in 10 wells. Each of these wells also contained detectable concentrations
of 1,1,1-TCA, and I,1-DCE was most likely produced as a result of abiotic (without
microbial mediation) transformation of 1,1, 1-TCA (Vogel, 1994).

4.3.5 Distribution of VC in Groundwater

Vinyl chloride was not detected in OU5 groundwater samples collected in August
1996. During the RI sampling performed in September and October 1993, trace
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S

concentrations of VC were detected in wells MW126 (0.114 pg/L), MW135 (0.156
jg/L), and TAD-7 (0.0159J jLg/L) (Radian, 1995). The detections were reported for
the GC analysis of the samples using USEPA Method SW8010; VC was not detected
by the GC/mass spectrometer (MS) analyses performed on these same samples using
USEPA Method SW8240. During the June-July 1994 RI sampling, 6.16 gig/L of VC
was reported for well MW158 using USEPA Method SW8010. Similar to the 1993
detections described above, VC was not detected by the accompanying GC/MS analysis
using Method SW8240. VC was not detected during the spring and fall 1995 sampling
events performed by Radian (1996). The overall lack of VC detections in groundwater 4
at OU5 suggests that reductive dehalogenation is generally not proceeding past the
initial step that involves the transformation of TCE to DCE (see Figure 4.3).

4.3.6 Distribution of Ethene in Groundwater

Ethene is the end product in the series of reductive dehalogenation reactions that 5 4
begin with TCE. The lack of VC detections in OU5 groundwater, described in Section
4.3.5, indicates that ethene (which is produced during the biodegradation of VC) also
should be scarce to non-existent in the groundwater. As shown in Table 4.3, ethene
was not detected in the groundwater samples collected for this TS in August 1996.

4.3.7 Distribution of Other CAHs in Groundwater 9 6

Other CAHs detected in the August 1996 groundwater samples include 1, I-DCA,
methylene ohloride, and chloroform (Table 4.2). Low concentrations of 1, 1-DCA
(ranging from <1 I g/L to 5.6 lag/L) were detected in 10 wells. Each of these wells
also contained detectable concentrations of 1,1,1-TCA, and the DCA detections 0 0 *
generally coincided with detections of 1,I-DCE. DCA is an intermediate product of
the microbially mediated reductive dehalogenation of TCA, with the ultimate end
product of this series of reactions being chloroethane (Bouwer, 1994). As described in
Section 4.3.4, 1, 1-DCE was most likely produced as a result of abiotic transformation
of 1,1, 1-TCA. Methylene chloride, a common laboratory contaminant, was detected in
every sample at concentrations below the calibration limit of 5 Ag/L, and is thought to 6
be representative of laboratory-introduced contamination. Chloroform was detected in
many samples at concentrations ranging up to 2.2 lag/L, including the field blank
(sample OU5-FBI, Table 4.2) that was comprised of distilled water. Therefore,
detections of this compound most likely indicate that chloroform was a contaminant in
the distilled water used to decontaminate sampling equipment. •

4.3.8 CAHs in Surface Water

In August 1996, surface water samples for VOC analysis were collected from
Martin Spring, located just west of Sunset School, and from a surface seep in the
northeastern corner of Meadows Park. Previous sampling of Martin Spring, performed
from 1989 to 1994 by Hill AFB personnel, detected TCE (1.5 to 6.2 pLg/L), TCA (not
detected to 33 pg/L), and PCE (not detected to 0.5 ptg/L) (Radian, 1995). The CAHs
detected in the August 1996 sample from Martin Spring included 1, 1-DCA (1.4 lag/L),
cis-1,2-DCE (2.2 lpg/L), 1,1,I-TCA (4.1 .tg/L), and TCE (1.0 lig/L) (Table 4.2).
Water discharging at Martin Spring is reportedly supplied by a field drain that is

* 4
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- inferred to be located to the south (Figure 4.8). Therefore, contaminated groundwater
migrating from the Building 1701 area at the Tooele Rail Shop appears to discharge to
the eastern portion of the field drain, which is upstream from Martin Spring.

Other than methylene chloride (< 5 lag/L), the only analyte detected in the Meadows
Park seep sample was chloroform (3.1 ag/L), which was probably sourced in the
distilled water used to decontaminate the sampling device. Periodic sampling of a
spring located in the northwestern corner of Meadows Park from 1990 to 1996 has
detected TCE (4.6 to 18.5 lag/L) and 1,1, 1-TCA (not detected to 0.4 pig/L) (Radian
1995 and 1996b). The relationship of this spring to the nearby northwest/southeast-
trending field drain is not known.

4.4 RNA ANALYSIS

Limited biodegradation of the TCE plume in OU5 groundwater appears to be
occurring, primarily by reductive dehalogenation of TCE to DCE. Available
information indicates that the TCE plume originating at the Tooele Rail Shop exhibits
mixed behavior (see Section 4.2.4). The aerobic nature of the groundwater throughout
most of the plume area, combined with a marked lack of evidence that CAH
biodegradation is occurring, indicates that type 3 behavior is prevalent. Type 2
behavior is indicated in limited areas where DO concentrations are sufficiently low and
native organic carbon concentrations are sufficiently high to allow reductive
dehalogenation to proceed (see Section 4.4.6.1 for discussion of DO concentrations).
Available evidence further suggests that type 1 behavior has occurred in the source area
in the past, perhaps driven by leaching of petroleum hydrocarbons (anthropogenic
organic carbon) from source area soils. In general, analytical data reveal that only a
small fraction of TCE is being transformed to DCE, and the process is not sufficient to
transform the parent CAHs and chlorinated daughter products to nonchlorinated end
products such as ethene. However, limited oxidation of DCE to carbon dioxide, water,
and chlorine ions (Figure 4.4) may be occurring. The contaminant and geochemical
analytical data that indicate the type(s) of biodegradation processes operating in OU5
groundwater, and the degree to which biodegradation is occurring, are discussed in the
following subsections.

4.4.1 Field-Scale Contaminant Mass Losses

One line of evidence that should be assessed to evaluate the oc-urrence of natural
attenuation of contaminants in groundwater at OU5 is changes in dissolved
concentrations of contaminants over time. Groundwater quality data for 12 monitoring
wells, collected between May 1993 and August 1996, were reviewed to assess temporal
changes in TCE concentrations. The wells are located along or near the longitudinal
axis of the TCE plume from the source area to near the downgradient edge of the
plume, and include MW127, MW128, MW154, MW155, MW132, MW137, MW138,
MW159, MWl40, MW143, MW147, and MW163. As shown in Figure 4.9, TCE
concentrations in source area well MW127 appear to have decreased since 1993,
perhaps indicating that TCE in source area soils is being depleted. Similar reductions
also have occurred in well MW132, located immediately downgradient from the source
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A area. However, TCE concentrations in the remaining 10 wells either have been
relatively uniform during this period, or have fluctuated. Therefore, the available data
do not indicate overall decreases in dissolved TCE concentrations during the past 3
years. However, if source area concentrations continue to decrease, TCE
concentrations in more downgradient locations also would be expected to decrease in
the future.

4.4.2 Presence of Daughter Products

As described in Section 4.3.3, the presence of daughter products that were not used
in Base operations, particularly cis-1,2-DCE, is strong evidence that TCE is being
reductively dehalogenated. However, as described above, the low magnitude of
daughter product concentrations relative to TCE indicate that the degree to which this
transformation is occurring is limited.

Progressive transformation of TCE to cis-l,2-DCE as the contamination migrates
away from the source area can be indicated by computing the ratio of daughter products
to parent compounds at different distances from the source area. The ratios of cis-1,2-
DCE to TCE in groundwater samples from six wells located along the axis of the TCE
plume (MW154, MW132, MW137, MW159, MW143, and MW163) during three
different sampling events are shown on Figure 4.10. In August 1996, the ratio I
remained relatively constant from source area well MW154 to downgradient well
MW137, indicating that reductive transformation of TCE to cis-I,2-DCE was not
becoming more prevalent with distance from the source area. However, well MW132,
located between wells MW154 and MW137, was not sampled in August 1996. Data

4 6 from the October 1995 and March 1996 sampling events performed by Radian (1996b) *
reveal conflicting trends. In each case, however, the ratios for the farthest
downgradient wells (MW159, MW143, and MW163) were uniformly low, indicating
that reductive dehalogenation is not a significant process in the downgradient region of
the TCE plume. Instead, DCE may act as an electron donor in downgradient
portionsof the plume, and be aerobically transformed to carbon dioxide, water, and

4 chlorine ions.

4.4.3 Chloride as an Indicator of Dehalogenation

Chlorine is removed from CAHs during reductive dehalogenation and enters
solution. Therefore, chloride concentrations in groundwater should increase above
background levels in areas where reductive dehalogenation is taking place. At OU5,
the mass of CAHs undergoing reductive dehalogenation may be sufficiently low that
chloride concentrations may not be substantially enhanced.

Chloride concentrations measured in August 1996 are presented in Table 4.3.
4 Background chloride concentrations in groundwater ranged from 16 to 132 mg/L and

averaged 66 mg/L based on data from wells MW130, MW151, MW150, MW149, and
MW153. Each of these wells is upgradient or crossgradient from areas containing
significant dissolved CAH concentrations. The highest chloride concentration (132
mg/L) was detected at well MW153, located southeast of the TCE plume. The
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remaining four background chloride concentrations ranged from 16 to 73 mg/L and
averaged 50 mg/L.

August 1996 chloride concentrations detected along the axis of the main TCE plume
are shown on Figure 4. 11. The August 1996 TCE concentrations detected in the same
monitoring wells/points, and the average background chloride concentration, are also
shown on this figure. Chloride concentrations in the primary TCE source area near
Building 1723A are relatively low, as evidenced by chloride data from wells MW127
(27.2 mg/L) and MW154 (25 mg/L). The low magnitude of these values suggests that
the reductive dehalogenation process in the source area is not prominent enough to
cause a noticeable increase in chloride concentrations. Chloride concentrations farther
downgradient at wells MW137 and MW159 are higher, and correspond to the presence
of elevated TCE concentrations. Chloride concentrations are similar to
backgroundconcentrations in the downgradient portion of the contaminant plume where
TCE concentrations are relatively low. These data suggest that limited reductive
dehalogenation is occurring in at least a portion of the main TCE plume.

4.4.4 ORP and Dissolved Hydrogen as Indicators of Redox Processes

As described in Section 4.2, microorganisms will facilitate only those r
reactions that will yield energy. For example, by coupling the oxidation of
hydrocarbon compounds (or native organic carbon), which requires energy, to
reduction of other compounds (e.g., oxygen, nitrate, manganese, ferric iron, sulfate,
carbon dioxide, and possibly cis-1,2-DCE), which yields energy, the overall reaction
will yield energy.

Figure 4.12 illustrates the sequence of microbially mediated redox processes and

identifies the approximate ranges of ORPs that are favorable for each process. In
general, reactions yielding more energy tend to take precedence over processes that
yield less energy (Stumm and Morgan, 1981; Godsey, 1994; Reinhard, 1994). As
Figure 4.12 shows, oxygen reduction would be expected to occur in an aerobic
environment with microorganisms capable of aerobic respiration because oxygen 0
reduction yields significant energy (Bouwer, 1992; Chapelle, 1993). However, once
the available oxygen is depleted and anaerobic conditions dominate the interior regions
of a contaminant plume, anaerobic microorganisms can utilize other electron acceptors
in the following order of preference: nitrate (denitrification), manganese (manganese
reduction), ferric iron (iron reduction), sulfate (sulfate reduction), and finally carbon
dioxide (methanogenesis). Each successive redox reaction provides less energy to the
system, and each step down in redox energy yield would have to be paralleled by an
ecological succession of microorganisms capable of facilitating the pertinent redox
reactions.
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ORPs measured in OU5 groundwater in August 1996 ranged from -170 millivolts
(mV) to 216 mV. Occurrences of negative ORPs in shallow groundwater were
infrequent and limited to the areas of MW133 and MP2s/2d. The remainder of the
shallow values ranged from 15 to 216 mV, which is outside the optimal range for
reductive dehalogenation (although within the possible range). ORPs measured in three
wells screened deeper in the surficial aquifer (MW135, MW138, and TAD-4) were
lower, ranging from -48 mV to -143 mV. The low magnitude of these values suggests
that deeper groundwater tends to be more reducing (and more conducive to the
occurrence of reductive dehalogenation) than shallower groundwater. Many authors
have noted that field ORP data alone cannot be used to reliably predict the electron
acceptors that may be operating at a site, because the platinum electrode probes are not
sensitive to some redox couples (e.g., sulfate/sulfide) (Stumm and Morgan, 1981;
Godsey, 1994; Lovley et al., 1994).

Concentrations of dissolved hydrogen (H2) also can be used to evaluate redox
processes in groundwater systems (Lovley and Goodwin, 1988; Lovley et al., 1994;
Chapelle et al., 1995). H2 is continuously produced in anaerobic groundwater systems
by fermentative microorganisms that decompose natural and anthropogenic organic
matter. This H2 is then consumed by respiratory microorganisms that use nitrate, ferric
iron, sulfate, or carbon dioxide (CO2) as terminal electron acceptors. Significantly,
nitrate-, ferric iron-, sulfate- and C0 2-reducing (methanogenic) microorganisms exhibit
different efficiencies in utilizing the H2 that is being continually produced. Nitrate
reducers are highly efficient H2 utilizers and maintain very low steady-state H2
concentrations. Ferric iron reducers are slightly less efficient and thus maintain
somewhat higher H2 concentrations. Sulfate reducers and methanogenic bacteria are

* progressively less efficient and maintain even higher H 2 concentrations. Because each *
terminal electron accepting process has a characteristic H2 concentration associated with
it, H2 concentrations can be an indicator of predominant redox processes. These
characteristic ranges are given in Table 4.4.

TABLE 4.4
RANGE OF HYDROGEN CONCENTRATIONS FOR A GIVEN

TERMINAL ELECTRON-ACCEPTING PROCESS
OUS RNA TS

HILL AIR FORCE BASE, UTAH
Terminal Electron- Dissolved Hydrogen
Accepting Process Concentration

(nanomoles per liter)
Denitrification <0.1

Ferric Iron Reduction 0.2 to 0.8
Sulfate Reduction 1 to 4
Methanogenesis 5 to 20

Dissolved H2 concentrations measured in OU5 groundwater in August 1996 are
summarized in Table 4.5. Concentrations ranged from <0.1 nanomoles per liter
(nM/L) to 5.0 nM/L. The two highest H2 concentrations were measured outside of the
main TCE plume at wells MW158 (2.7 nM/L) and MWI60 (5.0 nM/L). The
remaining H2 values, which ranged from <0.1 to 0.4 nM/L, were obtained at wells
primarily located within the TCE plume. The low magnitude of these values suggests
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4
that denitrification or ferric iron reduction should be the dominant electron acceptingprocess in the plume area.

TABLE 4.5
DISSOLVED HYDROGEN CONCENTRATIONS IN

GROUNDWATER
AUGUST 1996

OU5 RNA TS
Hill AIR FORCE BASE. UTAH

Dissolved Hydrogen
Well Concentration

(nanomoles per liter)
MW122 0.4
MWI24 <0.1
MWI25 0.2
MW127 0.2
MW136 <0.1
MW138 <0.1
MWI40 0.2
MW142 0.3
MW143 0.2
MWI45 0.4
MW147 0.3 * *
MW158 2.7
MWI60 5.0
MW161 0.2
MW162 <0.1

The relatively high ORPs and low dissolved H2 concentrations measured in OU5
groundwater indicate that, although reductive dehalogenation is possible, conditions are
not optimal for this process. The most rapid biodegradation rates, affecting the widest
range of CAHs, occurs under more highly reducing, methanogenic conditions (Bouwer,
1994).

4.4.5 Electron Donors

When investigating the biodegradation of CAHs, it is also necessary to look at the
distribution of other compounds that are used in the microbially mediated reactions that
facilitate CAH degradation. The distributions of potential electron donors, including S
BTEX compounds and dissolved native organic carbon, are useful for evaluating the
feasibility of reductive dehalogenation or cometabolism (i.e., CAH degradation
reactions involving another substrate).
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4.4.5.1 BTEX in Groundwater

The presence of BTEX in the same area as the CAH plume would create favorable
conditions for reductive dehalogenation, because the BTEX can provide a source of S
electron donors and facilitate microbial reactions that drive down the local groundwater
ORP. However, despite the detection of BTEX compounds in source area soils (see
Section 4.1.1), none of the petroleum compounds targeted for analysis during the TS
(BTEX, trimethylbenzenes, and fuel carbon) were detected in groundwater samples.
As discussed in Section 4.4.6, the distributions of some electron acceptors and
metabolic byproducts in OU5 groundwater suggest that limited microbial
biodegradation of petroleum hydrocarbons may be occurring in the vicinity of Building
1723A. However, petroleum compounds do not appear to be a significant factor in the
biodegradation of CAHs at OU5.

4.4.5.2 Organic Carbon in Groundwater

Dissolved native organic carbon can also act as a source of electron donors (an
energy source) during the reductive dehalogenation of CAHs. Dissolved TOC
concentrations can be used as an indicator of the presence of such native carbon
compounds in wells outside of the area containing dissolved contamination
(anthropogenic organic compounds, such as BTEX and CAHs, also will be measured
by this method). At OU5 however, the CAH concentrations in groundwater (measured
in jtg/L) are sufficiently low that TOC concentrations collected in the plume areas
should be reasonably reflective of native organic carbon concentrations.

6 TOC dissolved in groundwater was measured in samples collected in August 1996. *
These concentrations are presented in Table 4.3. Dissolved TOC concentrations in
shallow groundwater at OU5 range from 0.65 mg/L to 106 mg/L. Forty-eight of the
50 dissolved TOC concentrations measured in OU5 groundwater were within a range
from 0.65 mg/L to 6.84 mg/L. A slightly higher dissolved TOC concentration of 8.26
mg/L was detected in monitoring point MP3d, which is screened in clayey deposits.
Clays often have more native organic carbon than more sandy deposits. A substantially S
elevated TOC concentration of 106 mg/L, detected at well MWI62, is anomalous.
Background concentrations of dissolved TOC, inferred using data from the same five
upgradient or crossgradient wells used to estimate background chloride concentrations
in Section 4.4.3, ranged from 0.90 to 4.29 mg/L, and averaged 2.13 mg/L. Dissolved
TOC concentrations in samples that also contained relatively elevated CAH
concentrations were not noticeably higher than background due to the overall low
magnitude of CAH concentrations in OU5 groundwater. For example, dissolved TOC
concentrations in wells MW127, MW137, MW138, and MW159 ranged from 2.10 to
2.89 mg/L. Dissolved TOC concentrations in the upper and lower portions of the
surficial aquifer are similar, based on data from monitoring well pairs MW137/138 and
MW135/136. 4

The background concentrations of dissolved TOC are noteworthy because they
represent additional organic matter that is available for use as a substrate in
biodegradation reactions in the absence of detectable concentrations of petroleum
compounds in groundwater. The background concentrations likely represent
compounds dissolved from organic matter dispersed throughout the aquifer. In addition
to the soil TOC, this native carbon source should provide a continuing source of
022rl969n1/LtL4.Dtc 4-38
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electron donors to be used in microbial redox reactions. Dissolved TOC concentrations
in excess of 20 mg/L are desirable to drive dehalogenation reactions (Wiedemeier et
al., 1996c). This condition is not fulfilled at OU5; therefore, dissolved TOC 4
concentrations may limit biotransformation reactions.

4.4.6 Alternate Electron Acceptors and Metabolic Byproducts "

Biodegradation of organic compounds, whether natural or anthropogenic, brings
about measurable changes in the chemistry of groundwater in the affected area.
Concentrations of compounds used as electron acceptors (e.g., DO, nitrate, and sulfate)
are depleted, and byproducts of electron acceptor reduction (e.g., ferrous iron,
methane, and sulfide) are enhanced. By measuring these changes, it is possible to
evaluate the importance of natural attenuation at a site.

4.4.6.1 Dissolved Oxygen •

Reductive dehalogenation is an anaerobic process, and DO concentrations in excess
of 0.5 mg/L may cause the reductive transformation pathway to be suppressed.
Therefore, highly chlorinated compounds such as PCE, TCE, and TCA, are
biologically recalcitrant under aerobic conditions. DO concentrations were measured at
monitoring wells and points during the August 1996 sampling event. These 5
concentrations are summarized in Table 4.3 and displayed on Figure 4.13. DO
concentrations measured in the shallow portion of the surficial aquifer ranged from 0.3
mg/L at monitoring point MP7s to 5.39 mg/L in upgradient well MW153. Background
DO concentrations in the shallow portion of the surficial aquifer measured in

0 upgradient or crossgradient wells MW130, MW151, MW150, MW149, MW153 * *
ranged from 3.2 to 5.4 mg/L and averaged 4.5 mg/L. Although shallow DO
concentrations within the TCE plume area are generally lower than background
concentrations, only at source area well MW154 and downgradient monitoring point
MP7s were the measured DO concentrations below 0.5 mg/L in August 1996. The
lack of true anaerobic conditions throughout the majority of the TCE plume probably
limits the occurrence of reductive dehalogenation.

DO concentrations in the deeper portion of the surficial aquifer, measured in
monitoring wells/points MPld, MP2d, MP3d, TAD-4, MW128, MW155, MW135,
and MW138 ranged from 0.2 to 2.4 mg/L and averaged 1.1 mg/L. Deeper DO
concentrations were low regardless of the CAH concentration, indicating that deeper
zones are naturally lower in DO.

4.4.6.2 Nitrate/Nitrite

After DO has been depleted in the microbiological treatment zone, nitrate may be
used as an electron acceptor for anaerobic biodegradation of organic carbon via 4
denitrification. Nitrate concentrations below background in areas with high organic
carbon concentrations and low DO are indicative of denitrification. The oxidation of
organic carbon via the process of denitrification (using nitrate as an electron acceptor)
yields a relatively large amount of free energy to microbial populations, and therefore
is energetically favorable (preferred) compared to use of CAHs as electron acceptors.
If nitrate concentrations exceed 1 mg/L, then anaerobic microorganisms may 4
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- preferentially use nitrate instead of CAHs to produce energy for their use (Wiedemeier 4
et al., 1996c).

Concentrations of nitrate + nitrite [as nitrogen (N)] were measured at monitoring
wells and points during the August 1996 sampling event. These concentrations are
summarized in Table 4.3 and displayed on Figure 4.14. Substantially elevated
nitrate/nitrite concentrations (as N) were detected in wells MW133 (27.8 mg/L) and
MW145 (17.9 mg/L). Well MW133 also had an anomalously high chloride
concentration, suggesting the presence of an anion source such as a leaking sewer line
near Main Street. The elongate plume of elevated nitrate/nitrite concentrations that
appears to extend to the west beneath Sunset and Clinton from the vicinity of MW 133
may largely result from a localized, anthropogenic nitrogen source (e.g., sewer line
leak) near Main Street.

An area of depleted nitrate/nitrite (as N) concentrations is apparent in the vicinity of
the primary TCE source area (former leachfield adjacent to Building 1723A), indicating
that denitrification is occurring. Nitrate/nitrite concentrations in shallow groundwater
in this area ranged from 0.53 mg/L (well MW154) to 0.96 mg/L (well MW125).
Nitrate/nitrite concentrations detected in groundwater from downgradient wells MW139
and TAD-6 also were low (0.17 mg/L and 1.04 mg/L, respectively), suggesting thatthe
area of depleted nitrate/nitrite concentrations extends to near Sunset School
approximately 1,500 feet west of the Hill AFB boundary. The low nitrate/nitrite
concentrations shouid not impede the progress of reductive dehalogenation in the source
area and for a short distance downgradient. However, nitrate concentrations in the
central to downgradient portions of the TCE plume are sufficiently elevated that

S reductive transformation of TCE may be inhibited.

Nitrate/nitrite concentrations in deeper portions of the surficial aquifer are relatively
low, ranging from not detected to 2.46 mg/L and averaging 0.7 mg/L (wells/points
MW135, MW138, MW128, MW155, MPId, MP2d, MP3d, and TAD-4). Therefore,
reductive dehalogenation of TCE in deeper groundwater may not be inhibited by
preferential use of nitrate as an electron acceptor.

4.4.6.3 Ferrous Iron

Although relatively little is known about the anaerobic metabolic pathways involving
the reduction of ferric iron (Fe ), this process has been shown to be a major metabolic
pathway for some microorganisms (Lovley and Phillips, 1988; Chapelle, 1993). The
reduction of ferric iron results in the formation of ferrous iron (Fe ). Elevated
concentrations of ferrous iron often are found in anaerobic groundwater systems.
These concentrations once were attributed to the spontaneous and reversible reduction
of ferric oxyhydroxides, which are thermodynamically unstable in the presence of
organic compounds such as BTEX, trimethylbenzene (TMB), and naphthalene.
However, recent evidence suggests that the reduction of ferric iron cannot proceed at
all without microbial mediation (Lovley and Phillips, 1988; Lovley et al., 1991;
Chapelle, 1993). None of the common organic compounds found in low-temperature,
neutral, reducing groundwater could reduce ferric oxyhydroxides to ferrous iron under
sterile laboratory conditions (Lovley et al., 1991). This means that the reduction of
ferric iron requires mediation by microorganisms with the appropriate enzymatic
capabilities.
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V Ferrous iron concentrations were measured at selected groundwater monitoring wells
and monitoring points in August 1996. These concentrations are summarized in Table
4.3 and displayed on Figure 4.15. Dechlorination of PCE and TCE to DCE is possible 0
under mildly reducing conditions such as nitrate or ferric iron reduction, but the
transformations from DCE to VC or from VC to ethene requires the more strongly
reducing conditions of methanogenesis. Therefore, the presence of redox conditions
that are favorable to the occurrence of iron reduction suggests that reductive
dehalogenation of the more highly-chlorinated CAHs (e.g., PCE and TCE) is possible.

Ferrous iron was detected in only three of the wells screened in the shallow portion
of the surficial aquifer, including upgradient well MW153 (0.3 mg/L) and
downgradient monitoring points MP7s (0.1 mg/L) and MP8s (0.2 mg/L). The paucity
of ferrous iron detections indicates that microbial biodegradation via iron reduction is
not an important process in the shallow water-bearing zone. Conversely, ferrous iron
was detected in five of the seven monitoring wells/points screened deeper in the
surficial aquifer (Figure 4.15). Therefore, redox conditions deeper in the surficial
aquifer appear to be more favorable to the occurrence of reductive dehalogenation.

4.4.6.4 Sulfate

Sulfate also may be used as an electron acceptor during microbial degradation of

fuel-hydrocarbons under anaerobic conditions (Grbic-Galic, 1990). This redox reaction
is commonly called sulfate reduction. Sulfate is reduced to sulfide during the oxidation
of natural or anthropogenic organic carbon. Wiedemeier et al., (1996c) report that
sulfate may compete with CAHs as an electron acceptor (sulfate may be preferentially

0 used by microorganisms instead of CAHs) if sulfate concentrations exceed 20 mg/L. 0
To investigate the potential for sulfate reduction at OU5, total sulfate concentrations
were measured at groundwater monitoring wells and monitoring points during the
August 1996 sampling event. Sampling results are summarized in Table 4.3.

Sulfate concentrations in shallow groundwater at the site ranged from 14.6 mg/L to
95.7 mg/L Shallow background sulfate concentrations measured in five upgradient to
crossgradient wells (MWI30, MWI51, MW150, MW149, and MW153) ranged from
17.7 mg/L to 35.9 mg/L and averaged 28.2 mg/L. These data indicate that sulfate
concentrations at the site are sufficiently high that use of CAHs as electron acceptors
may be inhibited due to preferential use of sulfate.

4.4.6.5 Methane and Carbon Dioxide in Groundwater

Although reductive dehalogenation may occur under nitrate- and sulfate-reducing
conditions (Vogel et al., 1987; Chapelle, 1996), the most rapid biodegradation rates,
affecting the widest range of CAHs, occurs under methanogenic conditions (Bouwer,
1994). Methane and carbon dioxide concentrations were measured in groundwater
samples collected in August 1996 to assess whether methanogenic conditions are
present in OU5 groundwater. Table 4.3 lists methane concentrations, and Figure 4.16
shows the distribution of methane in shallow site groundwater. The presence of
methane within and downgradient from the TCE source area indicates that conditions
have been sufficiently reducing (at least within a very localized area) that petroleum
hydrocarbons and native organic matter were being used to support methanogenesis.
The presence of strongly reducing (methanogenic) conditions was not indicated by the
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ORP or H2 data presented in Section 4.4.4. However, according to Vroblesky and 0
Chapelle (1994), terminal electron-accepting processes can vary both spatially and 0
temporally, with shifts taking place in as little as 10 days. The inference that
methanogenesis ha5 occurred indicates that conditions in the plume area have been
highly reducing, and therefore favorable for reductive dehalogenation of CAHs.
Methanogenic conditions may result from the presence of residual petroleum
hydrocarbons in soils leaching into the groundwater and acting as an electron donor to
drive redox reactions.

Background carbon dioxide concentrations measured in August 1996 ranged from 35
mg/L to 184 mg/L and averaged 97 mg/L on the basis of data from upgradient to
cross-gradient monitoring wells/points MW130, MW151, MW150, MW149, and
MW153 (Table 4.3). The carbon dioxide concentration detected in groundwater from
source area well MW127 was relatively low (40 mg/L), indicating a current lack of
methanogenic activity (methanogenesis produces more carbon dioxide than it uses). 0
Carbon dioxide concentrations in other, nearby, source area wells (MW154 and
MW125) were within the range of background concentrations.

4.4.6.6 Volatile Fatty Acids and Phenols

Fatty acids are synthesized by microorganisms to be used in the production of lipids 6
necessary for incorporation into various membranes. A portion of these fatty acids are
volatile. Volatile fatty acids (VFAs) are produced when the bacterial cell has obtained
the required energy from metabolism of a carbon source (i.e., BTEX, CAHs, or
naturally occurring organic carbon). After VFAs are secreted from the bacterial cell,

4 they volatilize fairly rapidly; therefore detection of VFAs in groundwater is a strong
indication of recent metabolic activity and possibly biodegradation of BTEX or CAHs. 6
The standard method of VFA analysis performed by USEPA researchers is a gas
chromatography/mass spectrometry method in which groundwater samples are
compared to a standard mixture containing 58 phenols, aromatic acids, and aliphatic
acids.

Samples for VFA analysis were collected from three wells at OU5: shallow wells 0
MW127 and MW137, and deep well MW138. Each of these wells contained elevated
TCE concentrations. Analysis results are presented in Table 4.6. Collectively, 30 of
the 58 compounds in the standard were detected in these samples, indicating that
oxidation of organic matter is occurring. However, 24 of the 30 analytes were detected
at very low concentrations (below the calibration limit of 5 ig/L), indicating that the 4
oxidation processes producing the acids are not prolific.

4.4.6.7 Ammonia

The presence of ammonia in groundwater can result from either nitr-te reduction
(facilitated by microbes) or fixing of atmospheric nitrogen (also a microbial process). 4
Because nitrate appears to be widespread in groundwater within the surficial aquifer
(Figure 4.14), and because fixation of atmospheric nitrogen only occurs under reducing
conditions [ORP less than -500mV (Stumm and Morgan, 1981)], ammonia production
via nitrate reduction is probably more common that by fixation of atmospheric
nitrogen. In either case, the presence of ammonia in groundwater is a strong indication
of microbial activity.
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TABLE 4.6
CONCENTRATIONS OF PHENOLS, ALIPHATIC ACIDS, AND

AROMATIC ACIDS IN GROUNDWATER
AUGUST 1996
OU5 RNA TS

HILL AIR FORCE BASE, UTAH

Compound MW-138 IMW-137 MW-127

(concentrations in g/L) '

propanoic acid 15 14 <5
butyric acid 5 <5 5
hexanoic acid 6 <5 6
octanoic acid 12 <5 <5 4
benzoic acid 6 7 9
decanoic acid 7 <5 _ _ _ _

2-methylpropanoic acid <5 <5 <5
trimethylacetic acid <5 <5 <5
2-methybutyric acid <5 <5 <5
3-methybutyric acid <5 <5 <5 0 4
3,3-dimethylbutyric acid <5 <5 <5
pentanoic acid <5 <5 <5
2,3-dimethylbutyric acid <5 <5 <5
2-ethylbutyric acid <5 <5 <5
2-methylpentanoic acid <5 <5 <5

* 3-methylpentanoic acid <5 <5 <5 0 O
4-methylpentanoic acid <5 <5 <5
2-methylhexanoic acid <5 <5 <5
phenol <5 ND ND
cyclopentanecarboxylic acid ND) <5 <5
5-methyhexanoic acid ND <5 <5
2-ethyihexanoic acid <5 <5 <5 *
heptanoic acid ND_) ND) <5
1-cyclopentene-l -carboxylic acid ND) <5 ND
cyclopentaneacetic acid ND <5 ND
3-cclohexene-l-carboxylic acid <5 ND) <5
1-cyclohexene-1-carboxylic acid ND <5 <5
o-methylbenzoic acid ND <5 ND_ _

2,6-dimethybenzoic acid N'D <5 ND
p-methylbenzoic acid ND <5 ND)

a/ gLg/L = micrograms per liter.
b/ ND = not detected.
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Ammonia concentrations measured in groundwater samples collected in August 1996
are summarized in Table 4.3. Ammonia was detected in 7 of the 52 samples analyzed,
4 of which came from the deeper monitoring wells/points MP2d, TAD-4, MW138, and b
MP3d. As described in Section 4.4.6.2, nitrate/nitrite concentrations detected in
deeper wells and points at OU5 were relatively low. This observation, in conjunction
with the presence of ammonia, indicates that nitrate reduction is occurring at least
1CK Jlly in the deeper portions of the surficial aquifer. The scarcity of ammonia
detections in shallow groundwater (in 3 of 45 samples) suggests that microbial activity
connected with nitrate reduction is extremely limited. The general lack of microbial D
activity indicated by the ammonia data further supports the observation that microbial
biodegradation of CAHs is very limited in OU5 groundwater.

4.4.7 Additional Geochemical Indicators

Other geochemical data collected for this evaluation can be used to further interpret D

and support the contaminant, electron donor, electron acceptor, and byproduct data
previously discussed. These parameters provide additional qualitative indications of
which processes may be operating at the site.

4.4.7.1 Alkalinity D

Total alkalinity [as calcium carbonate (CaCO 3)] was measured in groundwater
samples collected in August 1996 (Table 4.3), Alkalinity is a measure of the ability of
groundwater to buffer changes in pH caused by the addition of biologically generated
acids. Ttt.al alkalinity at th• site varied from 70 mg/L to > 500 mg/L. This range of

-" alkalinity is sufficient to buffer potential changes in pH caused by biologically mediated D *
reactions and suggests that aerobic and/or anaerobic biodegradation processes should
not cause detrimental shifts in pH.

4.4.7.2 pH

pH was measured for groundwater samples collected from groundwater monitoring
points and monitoring wells in August 1996 (Table 4.3). The pH of a solution is the
negative logarithm of the hydrogen ion concentration [H "]. With the exception of well
TAD-4, groundwater pH measured at the site ranged from 6.8 to 7.9 standard units,
which is within the optimal range for most microbial populations that degrade organic
matter. Groundwater from TAD-4 had a pH of 5.8 standard units. The limited and
relatively neutral range of pHs also indicates that microbial reactions have a minimal
effect on groundwater pH, likely due to a combination of the moderately high alkalinity
of site groundwater and the limited nature of microbial reactions that are occurring.
The pH values measured in deeper samples are similar to the values measured at
shallower depths.

I
4.4.7.3 Temperature

Groundwater temperature was measured at groundwater monitoring points and
monitoring wells in August 1996 (Table 4.3). Temperature affects the types and
growth rates of bacteria that can be supported in the groundwater environment, with
higher temperatures generally resulting in higher growth rates. Temperatures in the
surficial aquifer varied from 14 degrees Celsius (°C) to 24°C, with 44 of the 52
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measurements ranging from 14WC to 20°C. Wiedemeier et al. (1996c) report that
biochemical processes are accelerated at groundwater temperatures greater than 20'C.
The temperature data summarized above indicate that this is not the case at OU5.

4.5 APPROXIMATION OF BIODEGRADATION RATES

Estimation of biodegradation rate constants is necessary to accurately simulate the
fate and transport of contaminants dissolved in groundwater. Several methodologies,
including first- and second-order approximations, may be used to estimate the rate of
biodegradation of chlorinated compounds when they are being used to oxidize other
organic compounds. Use of the first-order approximation can be appropriate to
estimate biodegradation rates for chlorinated compounds where the rate of
biodegradation is assumed to be controlled solely by the concentration of the
contaminant. However, the use of a first-order approximation may not be appropriate
when more than one substrate is limiting microbial degradation rates or when microbial
mass is increasing or decreasing. In such cases, a second- or higher-order
approximation may provide a better estimate of biodegradation rates. The preferable
method of contaminant biodegradation rate-constant determination is by use of field
data.

Buscheck and Alcantar (1995) derive a relationship that allows calculation of first-
order biodegradation rate constants for steady-state plumes. This method involves
coupling the regression of contaminant concentration (plotted on a logarithmic scale)
versus distance downgradient (plotted on a linear scale) to an analytical solution for
one-dimensional, steady-state, contaminant transport that includes advection,

0 dispersion, sorption, and biodegradation (Bear, 1979). For an expanding plume, this
first-order approximation can be viewed as an upper bound on the biodegradation rate.
Use of this method results in an overestimation of the rate of biodegradation because a
typical expanding plume exhibits decreasing source area concentrations, increasing
downgradient concentrations, or both. Over time, these changes result in a decreasing
slope on a log-linear plot, and consequently a decreasing biodegradation rate. In
addition, decay rates computed using this method include decay related to processes
other than reductive dechlorination, such as aerobic degradation of DCE and abiotic
reactions.

Another method for estimating dehalogenation rates of CAHs is described by
Moutoux et al. (1996). This method can be used to estimate the theoretical
contaminant concentration resulting from biodegradation alone for every point along a
flow path on the basis of the measured contaminant concentration at the point of plume
origin and the contaminant/tracer ratios between consecutive points along the flow
path. This series of points can then be used to estimate a first-order rate of
biodegradation. The carbon core of the CAH compounds, which is subject to the same
non-destructive attenuation mechanisms that act on the larger chlorinated molecule, but
is unaffected by biologically mediated reductive dechlorination, is used as the tracer.
This method provides a total dechlorination rate for all dechlorination steps. All rates
(including the rapid TCE to DCE rate and the slow VC to ethene rate) are averaged in
the Moutoux et al. (1996) method. Because abiotic reactions and reactions that involve
CAHs in the role of an electron donor are not included in this rate, the rate should be
considered to be a lower bound on the destructive attenuation rate.
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Although a first-order rate assumption may provide a reasonable approximation of
how CAH compounds are degrading in groundwater systems, this approach may not
provide the best approximation of how CAH compounds are dechlorinated in the
presence of an electron donor such as BTEX. These reactions may be more
appropriately approximated by a second-order rate expression. This approach was not
used for the OU5 plume due to the lack of BTEX in the groundwater.

The two first-order methods described above were used to estimate first-order
biodegradation rate constants for CAHs at OU5. Because concentrations of the primary
parent solvent (TCE) are dominant, the rates are substantially equivalent to TCE decay
rates. The decay rate calculations are summarized in Appendix D. As described in
Section 4.3.1, the relatively rapid decrease in TCE concentrations measured between
wells MW159 (227 gtg/L) and MW143 (90 jig/L) may be caused by discharge of CAH-
contaminated groundwater to a drain line that is inferred to be located between these
wells. As a result, decay rates calculated using the decrease in CAH concentrations
between these two wells may be inaccurate. Decay constants were thus computed for
two distinct segments of the CAH plume. The first segment consisted of the portion of
the plume that is upgradient from the inferred drain line (between source area well
MW154 and downgradient well MW159). The second segment consisted of the portion
of the plume that is downgradient from the inferred drain line (between well MW143
and monitoring point MP7). The decay rates computed for these plume segments are
summarized in Table 4.7, and additional details are provided in Appendix D.

The rates computed using the method of Buscheck & Alcantar (1995) are
approximately one to three orders of magnitude higher than the rates derived for

4 0 reductive dechlorination using the method of Moutoux (1996). As described above, the P
Buscheck and Alcantar method can be viewed as an upper bound on the biodegradation
rate, and the lower reductive dechlorination rates are probably more representative of
the OU5 CAH plume given the limited evidence that reductive dehalogenation is
occurring. The computed reductive dechlorination rates ranged from I x 10-7 day' in
the central portion of the plume to 2 x 10-f day-' near the source area. The average
reductive dechlorination rate for the entire plume is probably within this range. The
reductive dechlorination rate of 1 x 10-6 day-t, derived for the flowpath MW127-
MW138- MW159, may be the most representative rate for the upgradient segment of
the plume, because it was derived using data points spaced along a relatively long
flowpath.

*D
4.6 SUMMARY

The dissolved CAH plume appears to have migrated approximately 5,000 feet west
of the source area at the Tooele Rail Shop. The CAH mass that discharges to the
surface at springs or seeps is insignificant relative to the mass that is migrating in the
groundwater. However, some discharge of dissolved CAHs to a north/south-trending
drain line may be occurring.

Several lines of chemical and geochemical evidence indicate that, although dissolved
CAHs at OU5 are undergoing biologically facilitated reductive dehalogenation, the
occurrence of this process is limited and localized. As a result, the parent CAH (TCE)
still comprises the majority of the contamination present in groundwater. The
dissolved CAH plume at OU5 exhibits characteristics of mixed behavior, with type 2
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- TABLE 4.7
SUMMARY OF CAM DECAY RATES

OUS RNA TS
HILL AIR FORCE BASE, UTAH

Plume Analysis Method Selected Flow Path Date of Decay Rate
Segment Sampling Data (day-')

S
Upgradient B&A/ MW138-MWI59 Spring 1996 2.6 x 10-5

Upgradient B&A MW138-MW159 August 1996 1.3 x 10-5

Upgradieat B&A MWI27-MWI38-MWI59 March 1995 3.2 x 10-4

Upgradient B&A MWI54-MWI32-MW138-MWI59 October 1995 2.8 x 10-4

Upgradient Reduc. Dechlorw MW138-MWI59 August 1996 1 x I107

Upgradient Reduc. Dechlor MW127-MWI38-MWI59 March 1995 1 x 10-

Upgradient Reduc. Dechlor MWI54-MWI32-MW138-MW159 October 1995 ci

Upgradient Reduc. Dechlor MWI54-MWI32 October 1995 2 x 10-5

Downgradieat B&A MW143-MWI63 Spring 1996 3.5 x 10-4

Downgradient B&A MW143-MWI63 August 1996 2.9 x 10-

Downgradient B&A MW143-MWI63-MP7 August 1996 5.3 x 10-4

Downgradient Reduc. Dechlor MW143-MWI63 Spring 1996 C/

Downgradient Reduc. Dechlor MWI43-MW163-MP7 August 1996 Cl

a/ B&A = Method of Buscheck and Alcantar (1995) for steady-state plumes.
b/ Reduc. Dechlor. = Method of Moutoux et al. (1996), which gives decay rate attributable to

reductive dechlorination.
SCorrected CAH concentrations increased with distance along flow path; reductive dechlorination rate

not calculated.
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A behavior evidenced in and immediately downgradient of the source area, and type 3 4
behavior evidenced throughout the remainder of the plume. The presence of methane
in groundwater near the source area suggests that prior releases of at least small
amounts of petroleum hydrocarbons in the source area near Building 1723A may have
stimulated additional microbial activity and made the groundwater system reducing
enough to allow more rapid reductive dehalogenation of CAHs (localized Type 1
behavior). The evidence supporting the limited occurrence of TCE biodegradation is
summarized below:

"* The presence of cis-1,2-DCE is a direct indication that TCE is being reductively
dehalogenated, but the low magnitude of daughter product concentrations relative
to TCE indicate that reductive transformation of TCE is very limited;

"* The presence of elevated chloride concentrations (above background levels) is
very localized, indicating that reductive dehalogenation reactions are not
prevalent enough in many portions of the plume to significantly influence
chloride concentrations;

"* ORP and dissolved H2 data indicate that the groundwater is sufficiently reducing
to support the occurrence of reductive dehalogenation, but redox conditions are
not optimal for this process;

"* Dissolved TOC concentrations are not sufficient to sustainably drive S
dehalogenation reactions;

"* The lack of true anaerobic conditions throughout the majority of the TCE plume
probably limits the occurrence of reductive dehalogenation, which is an anaerobic
process;.

0 • Nitrate and sulfate concentrations within much of the plume area are sufficiently 0
high that use of CAHs as electron acceptors may be inhibited due to preferential
use of these anions as alternate electron acceptors;

"• The evidence that methanogenic conditions existed near the source area indicates
that conditions favorable for reductive dehalogenation of CAHs were at least
locally present; however, methane was infrequently detected and, where present,
occurred at low concentrations, indicating that the occurrence of methanogenesis
was spatially and temporally very limited; and

"* The scarcity of ammonia and VFAs in groundwater further supports the
observation that microbial biodegradation of CAHs is very limited in OU5
groundwater. S

Wiedemeier et al. (1996c) present a worksheet to allow an initial assessment of the
prominence of natural attenuation at a site. The worksheet, including the point values
determined for OU5, are included as Table 4.8.

The interpretation of points awarded during the screening process outlined in Table
4.8 is shown in Table 4.9. The score for OU5 computed using Table 4.8 is 11.5, 1
indicating that evidence for biodegradation of chlorinated organics is present, but
limited.

As discussed in Section 4.5, rates of CAH biodegradation estimated from data
collected for this investigation range from 5.3 x 10-4 day' to 1 x 10-7 day'. An
average decay rate that is intermediate between these bounding values (e.g., in the 10-6
day-' range) may be most representative of the overall OU5 CAH plume.
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- 6
TABLE 4.8

ANALYTICAL PARAMETERS AND WEIGHTING FOR PRELIMINARY
SCREENING

OUS RNA TS
HILL AIR FORCE BASE, UTAH

Concentration in
Most Contaminated

Analysis Zone Interpretation Value OU5 5
Score

Oxygen <0.5 mg/L Tolerated, suppresses the reductive pathway 3 3
at higher concentrations

> 1 mg/L VC may be oxidized aerobically -3 -

Nitrate < 1 mg/L At higher concentrations may compete with 2 2
reductive pathway

Iron II > I mgIL Reductive pathway possible 3 0

Sulfate < 20 mg/L At higher concentrations may compete with 2 0
reductive pathway

Sulfide > I mg/L Reductive pathway possible 3 -

Methane <0.5 mg/L VC oxidizes 0 0

>0.5 mg/L Ultimate reductive daughter product, VC 3 0
Accumulates

* Oxidation < 50 millivolts (mV) Reductive pathway possible 1 1 I
ReductionPentia <-1OmV Reductive pathway likely 2 0Potential (ORP)

pH 5 < pH < 9 Optimal range for reductive pathway 0 0

5 > pH >9 Outside optimal range for reductive pathway -2 0

TOC > 20 mg/L Carbon and energy source; drives 2 0
dechlorination; can be natural or
anthropogenic

Temperature > 20C At T > 20C biochemical process is 1 0

accelerated

Carbon Dioxide >2x background Ultimate oxidative daughter product 1 0.5

Alkalinity >2x background Results from interaction of carbon dioxide 1 0
with aquifer minerals

Chloride >2x background Daughter product of organic chlorine 2 1

Hydrogen >1 nM/L Reductive pathway possible, VC may 3 0
accumulate

<I nM/L VC oxidized 0 0

Volatile Fatty > 0.1 mg/L Intermediates resulting from biodegradation 2 0
Acids of aromatic compounds; carbon and energy

source
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SAAYITABLE 4.8 (Continued) 0

ANALYTICAL PARAMETERS AND WEIGHTING FOR PRELIMINARY
SCREENING

OU$ RNA TS
HILL AIR FORCE BASE, UTAH

Concentration in
Most

Analysis Contaminated Interpretation Value OU5

4 Zone Score

BTEX > 0.1 mg/L Carbon and energy source; drives 2 0
dechlorination

PCE Material released 0 0

TCE Material released 0 0
Daughter product of PCE 2 d 0

1,2-DCE Material released 0 0

Daughter product of TCE. 2 d 2

If cis is greater than 80% of total DCE it is
4 likely a daughter product of TCE

VC Material released 0 0

Daughter product of DCE 2 d/ 0

Ethene/Ethane >0.Olmg/L Daughter product of VC/ethene 2 0

4 > 0.l mg[L 3 0 D -

Chloroethane Daughter product of VC under reducing 2 0
conditions

1,1,1- Material released 0 0
Trichloroethane

* 1,2- Material released 0 0
Dichlorobcnzene

1,3- Material released 0 0
Dichlorobenzene

1,4- Material released 0 0
Dichlorobcnzene

Chlorobenzene Material released or daughter product of 2 d 0
dichlorobenzene

1,1-DCE Daughter product of TCE or chemical 2d2
reaction of 1,1,1-TCA

al Partial points awarded because the occurrence of ORPs along the plume flowpath that are less than 100 mV is limited to one
well (MW138), indicating that conditions favorable to reductive dehalogenation are very localized.
b/ Partial points awarded because elevated carbon dioxide concentrations were detected, but are not widespread.
c/ Partial points awarded because the chloride concentration in well MW137, while greater than 2X the average background
chloride concentration, is not greater than the maximum background chloride concentration.
d/ Points awarded only if it can be shown that the compound is a daughter product (i.e., not a constituent of the parent
compound).
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TABLE 4.9
INTERPRETATION OF POINTS AWARDED DURING NATURAL

ATTENUATION SCREENING
OUS RNA TS

HILL AIR FORCE BASE, UTAH

Score Interpretation
0 to 5 Inadequate evidence for biodegradation of chlorinated organics

6 to 14 Limited evidence for biodegradation of chlorinated organics

15 to 20 Adequate evidence for biodegradation of chlorinated organics

> 20 Strong evidence for biodegradation of chlorinated organics
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SECTION 5

4 GROUNDWATER FLOW AND CONTAMINANT
TRANSPORT MODEL

5.1 GENERAL OVERVIEW AND MODEL DESCRIPTION

4 In order to help predict the future migration and fate of CAHs dissolved in
groundwater at Hill AFB OU5, groundwater flow and the fate and transport of
dissolved TCE in the surficial aquifer was modeled. The primary TCE plume
emanating from the Building 1723A area as well as the TCE detection west of Building
1781 at well MW129 were included in the model. As described in Section 4.3.2, a

4 significantly elevated PCE concentration (253 jig/L) was detected in well MW141,
located in Clinton west of Meadows Park. The detected TCE concentrations in this
well and nearby well MW165 were 5.1 ptg/L and 8.9 pg/L, respectively. These CAH
detections were not modeled because they have not been linked to a Hill AFB source,
and may be sourced off-Base.

4 The modeling effort had three primary objectives: 1) predict the future extent and *
concentrations of the dissolved contaminant plume by modeling the combined effects of
advection, dispersion, sorption, and biodegradation; 2) assess the potential for
downgradient receptors to be exposed to contaminants at concentrations above
regulatory levels of concern; and 3) if applicable, provide technical support for the
natural attenuation remedial option at post-modeling regulatory negotiations. The

4 model was developed using site-specific data and reasonable assumptions about
governing physical and chemical processes. This analysis is not intended to represent a
baseline assessment of potential risks posed by site contamination.

The model codes MODFLOW (McDonald and Harbaugh, 1988) and MT3D*
4 (Zheng, 1990) were used to estimate the potential for dissolved TCE migration and

degradation by naturally occurring mechanisms operating at the site. MODFLOW was
used to generate a groundwater flow model for the site, and the flow field from this
model was incorporated into the transport solution computed by MT3D0. The pre- and
post-processors contained in Visual MODFLOW0 (Waterloo Hydrogeologic Software,
1995) were used to facilitate model development and analysis/presentation of model

4 results. The MT3D® code incorporates advection, dispersion, sorption, and
biodegradation to simulate contaminant plume migration and degradation. MT3D® uses
solution routines based on the method of characteristics (MOC) solute transport model
[e.g., as developed by Konikow and Bredehoeft (1978) for the USGS two-dimensional
(2D) MOC model code]. The model was modified by Zheng (1990) to allow three-
dimensional (3D) solutions, and to allow use of a modified MOC method that reduces

5-I
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numerical dispersion. Biodegradation of dissolved and sorbed contaminants can be
simulated through the use of a first-order decay constant.

Ideally, a code for simulating degradation of CAHs would track parent compounds
and daughter products and allow specification of varying retardation coefficients and
decay rates for each compound. However, such a model is not yet available, although
Battelle National Laboratories is in the process of developing such a code by modifying
MT3D®.

5.2 CONCEPTUAL MODEL DESIGN AND ASSUMPTIONS

Prior to developing a groundwater model, it is important to determine if sufficient
data are available to provide a reasonable estimate of aquifer conditions. In addition, it
is important to ensure that any limiting assumptions can be justified.

On the basis of the data presented in Section 3, the surficial aquifer at OU5 was
conceptualized and modeled as a shallow, heterogeneous, unconfined aquifer.
Hydrogeologic profiles of the site (Figures 3.6 and 3.7) indicate that the surficial
aquifer is comprised primarily of fine- to medium-grained, silty sand interbedded with
alternating layers of coarser sand and fine gravel with thin seams of silt and clay.
Depth to groundwater ranges from 15 to 40 feet bgs in the Tooele Rail Shop area, to
less than 10 feet bgs beneath Sunset and Clinton. The groundwater surface elevation
contour map prepared using August 1996 groundwater elevation data (Figure 3.8)
indicates that the groundwater flow direction beneath OU5 is generally to the west and
northwest. The surficial aquifer is bounded on the bottom by silt/clay zones at depths
ranging from 15 feet to more than 50 feet bgs. An intermediate, silty, clayey zone that * *
splits the surficial aquifer into shallow and deep portions, also is present. However,
contaminant distribution data indicate that this intermediate zone does not completely
block vertical migration of groundwater and contaminants between the shallow and
deep portions. The TCE plume emanating from the Tooele Rail Shop migrates
primarily through the upper portion of the surfical aquifer, but is also present in the
deep portion of the surficial aquifer in eastern Sunset. 0

Because of the localization of the TCE plume in the surficial aquifer; the
predominantly horizontal groundwater flow and contaminant migration direction
throughout the site; and the lack of discrete, laterally continuous, well-defined layers
that are hydraulically distinct, a 2D simulation was determined to be appropriate.
Groundwater elevation data collected in August 1996 and presented on Figure 3.8 were
used to calibrate the flow model. Hydraulic gradients and groundwater flow directions
inferred from the August 1996 data are similar to those presented in the RI report
(Radian, 1995). Therefore, it was assumed that the August 1996 water levels are
reasonably representative of steady-state conditions. In addition, it was assumed that
recharge to the surfical aquifer from precipitation and lawn irrigation was not
significant enough to include in the model.

During the development and calibration of the contaminant fate and transport model,
it was assumed that TCE was first introduced into groundwater beneath the Rail Shop
in 1949, which is when TCE reportedly began to be used at the Rail Shop. The rate of
TCE introduction into the surficial water-bearing zone was assumed to be constant until
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A 1964, when the use of TCE at the Rail Shop reportedly ceased. Therefore, from 1964 0
to 1996, the source strength was decreased to simulate depletion of the source due to g)
the effects of leaching, volatilization, and decay. The source of the TCE detected north
of the Rail Shop in well MW129 is not known. For modeling purposes, it was
assumed that TCE was introduced into the surficial aquifer at this location in 1988.
Additional details regarding the locations of the source cells and how the source terms
were varied during the calibration and predictive periods (1964 to 1996 and 1997 to
2097, respectively) are presented in Sections 5.3.3.1 and 5.4.2.1.

5
The most important assumption made when using the MT3D® code is that

dispersion, sorption, and biodegradation are major factors controlling contaminant fate
and transport at the site. According to data presented in Section 4, detectable
concentrations of organic carbon are present within the fluvial-deltaic deposits through
which the TCE plume is migrating, indicating that some sorption of organic
contaminants is occurring. Sorption is simulated in the model using a coefficient of
retardation. Available data also suggest that limited biodegradation of TCE is
occurring locally within the plume; biodegradation of TCE was simulated using a first-
order decay constant. Dispersivity is a characteristic of the porous medium and is a
measure of the longitudinal and lateral spreading of the contaminant caused by local
heterogeneities that cause deviations from the average linear migration velocity. The D
magnitude of dispersivity is generally believed to be scale-dependent; the longer the
plume flowpath the higher the dispersivity. Given the considerable length of the TCE
plume flowpath (nearly 1 mile) and the documented presence of subsurface
heterogeneities (Section 3), it is reasonable to assume that dispersivity is an important
parameter influencing solute transport at OUS. Selection of values for these parameters

0I is discussed in Section 5.3 and 5.4. 5

Because of the small surface area of the groundwater flow system exposed to soil
gas, volatilization of many VOCs, including chlorinated solvents, from groundwater is
a relatively slow process that, in the interest of being conservative, generally can be
neglected when modeling CAH fate and transport. For example, Chiang et al. (1989)
demonstrated that less than 5 percent of the mass of dissolved BTEX is lost to
volatilization in the saturated groundwater environment. Moreover, Rivett (1995)
observed that for plumes more than about 1 meter below the air/water interface, only
low, if any, solvent concentrations will be detectable in soil gas due to the downward
groundwater velocity in the vicinity of the water table. This suggests that for portions
of plumes more than 1 meter below the water table, very little, if any, mass will be lost D
to volatilization. In addition, vapor transfer across the capillary fringe can be very
slow (McCarthy and Johnson, 1993), further limiting mass transfer rates. In summary,
the impact of volatilization on dissolved CAH reduction can generally be neglected,
except possibly in the case of vinyl chloride, which has a high Henry's Law constant
and is therefore very susceptible to volatilization.

S
5.3 INITIAL MODEL SETUP

Where possible, the initial setup for this model was based on site-specific data.
Where site-specific data were not available (e.g., effective porosity), reasonable
assumptions were made on the basis of widely accepted literature values for materials
similar to those found in the shallow aquifer. The following sections describe the basic
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model setup. Those model parameters that were varied during model calibration are
also discussed in Section 5.4.

5.3.1 Grid Design

The model domain for OU5 is represented using 1 layer, with a 34- by 66-cell
horizontal grid. The long axis of the model grid, which is depicted on Figure 5.1, is
oriented approximately parallel to the groundwater flow and plume migration direction
observed at OU5. The model grid covers an area of 100,800,000 square feet, or
approximately 2,314 acres. The orientation of the grid assumes that the groundwater
flow direction west of the TCE plume is also to the west-northwest; this is a reasonable
assumption given that groundwater probably migrates toward Howard Slough and the
adjacent wetland areas. Relatively small grid cells (100- by 100-feet) were used in the
contaminant source area to allow more accurate simulation of the source; the cell size
was gradually increased with distance from the source area, with the largest cell
measuring 500 feet in the east-west direction and 300 feet in the north-south direction.
The grid thickness in the OU5 area varies from 30 feet in the Tooele Rail Shop area to
20 feet near the downgradient toe of the TCE plume in order to simulate the thinning,
believed to occur near MW159, of the surficial aquifer and the observed TCE plume
(Figure 4.6). The western boundary of the grid coincides with the presence of
wetlands near Howard Slough that may represent groundwater discharge areas (Figure
3.1). As described in Section 6, these wetland areas are being drained and developed,
and therefore are no longer as laterally extensive as portrayed on Figure 3.1.

5.3.2 Groundwater Flow Model

5.3.2.1 Boundary Conditions

In defining the model domain, the area of interest must be separated from the
surrounding system. Boundary conditioas describe the interaction between the system
being modeled and its surroundings or, for transport models, the loading of
contaminant mass into the system. Boundary conditions are used to include the effects D
of the system outside the area being modeled with the system being modeled, while at
the same time allowing the isolation of the desired model domain from the larger
system. In effect, the boundaries of the model tell the area immediately inside the
boundaries what to expect from the outside world. The solution of any differential
equation requires specification of the conditions at the periphery of the system. Model
boundaries are thus mathematical statements that specify the dependent variable (head
or contaminant concentration) or the flux (derivative of the head or contaminant
concentration with respect to time) at the model grid boundaries.
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V Three types of boundary conditions generally are utilized to describe groundwater
flow and solute transport. Boundary conditions are referred to as type one (Dirichlet),
type two (Neumann), and type three (Cauchy). Table 5.1 summarizes boundary
conditions for groundwater flow and solute transport.

TABLE 5.1

COMMON DESIGNATIONS FOR SEVERAL
IMPORTANT BOUNDARY CONDITIONS0J

OU5 RNA TS
HILL AIR FORCE BASE, UTAH

General Mathematical Description
Boundary Condition Boundary Type Formal Groundwater Flow Contaminant

Name Transport
Specified-Head or
Specified- Type One Dirichlet H = f(x,y,z,) C =f(x,y z,t)
Concentration
Specified Flux Type Two Neumann = f(xy, zt) - f(x'y.z't)

Concentration- I(mixed-boundary Cauchy -+Hfxya%) -c~fxyzt

Dependent Flux condition)

81 Modified from Franke et al. (1987).

In flow models, boundary conditions are ideally used to specify actual hydrogeologic
boundaries to the system, such as streams, lakes, confining units, groundwater divides,
or any geologic or anthropogenic feature that may bound a system. Also, the
boundaries may be defined as areas where properties (e.g., flux) are known and can be
defined. When using a numerical flow model, hydrologic boundaries such as constant-
head features (e.g., lakes, etc.) or constant-flux features should, when possible,
coincide with the perimeter of the model. In areas that lack obvious hydrologic
boundaries, constant-head or constant-flux boundaries can be specified at the numerical
model perimeter as long as the perimeter is far enough removed from the contaminant
plume that transport calculations will not be affected.

Specified-head boundaries for the model were set at the upgradient (eastern) and
downgradient (western) model boundaries. These boundaries were selected to simulate
the westerly groundwater flow observed in the study area. By projecting heads from
the groundwater flow maps, the hydraulic head west of the Rail Shop along the eastern
model boundary was estimated to be approximately 4,609 to 4,619 feet above msl.
These specified-head cells were placed far enough upgradient from the TCE plume to
avoid potential boundary interferences. The head at the downgradient model boundary
was estimated to be 4,280 feet above msl. This constant-head value was derived by
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AV assuming that, given the presence of wetland areas, the groundwater elevation at the
model boundary equaled the ground surface elevation.

I
Along the northern and southern boundaries of the model grid, a no-flow (specified-

flux) boundary was assumed to be present in the areas where groundwater flow was
interpreted to be parallel to the grid boundary. The flux through these boundaries was
assumed to be zero because flow is generally parallel to these boundaries. The base or
lower boundary of the model also was assumed to be no-flow, and was set at a depth of
20 to 30 feet below the water table based on the depth of the bounding silt/clay unit. •
The upper model boundary was defined by the simulated groundwater table surface.

5.3.2.2 Aquifer Properties

Effective Porosity. Effective porosity is the volume of interconnected pore space in
an aquifer. For fine sand aquifers, effective porosity may range from I to 46 percent 9
(Spitz and Moreno, 1996). For the surficial aquifer at OU5 (comprised primarily of
silty sand) the effective porosity was assumed to have an intermediate value of 20
percent.

Specific Yield/Specific Storage. The specific yield of an unconfined aquifer is
defined as the volume of water that a unit volume of aquifer releases from storage
under a unit decline in hydraulic head, and is equivalent to effective porosity (Spitz and
Moreno, 1996). Therefore, specific yield was assumed to be 20 percent of the total
aquifer volume. Specific storage is the term for confined aquifers where the volume of
water that the aquifer yields due to a unit decline in hydraulic head is a function of

0 water and formation matrix compressibility. This term is significantly less than
specific yield, and for the model input was assumed to be 0.02 percent.

Hydraulic Conductivity. Field data from 37 slug tests indicate that hydraulic
conductivities for the surficial aquifer range from 0.07 to 225 ft/day with a geometric
mean of 2.3 ft/day (Section 3.4.1). Initial hydraulic conductivity values used in the
groundwater flow model ranged from 0.64 to 12.8 ft/day, corresponding to a range of 0
hydraulic conductivities within an order of magnitude of the geometric mean of the
hydraulic conductivities measured in the field.

5.3.2.3 Recharge and Evapotranspiration

Mean annual precipitation at Hill AFB is approximately 18 inches per year, while 0

potential evaporation is approximately 45 inches per year (Section 3.1). Because of
this arid environment, it was assumed that any precipitation or irrigation would be
taken up in evaporation, evapotranspiration, or soil vapor. With a depth to
groundwater generally in excess of 5 feet bgs and a predominance of pavement or
manicured lawns as opposed to phreatophyte vegetation, it was also assumed that
evapotranspiration had a negligible impact on groundwater in the study area.
Therefore, recharge and evapotranspiration were assumed to be zero throughout most
of the model domain. As described in Sections 5.3.3.1 and 5.4.2.1, recharge was
simulated in the TCE source area to facilitate addition of TCE to source area
groundwater over time. In reality, percolation of water from the gravel leachfield
(Section 1.2) probably did recharge the groundwater system in this area.
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V 5.3.3 Contaminant Transport Model

5.3.3.1 TCE Source

The contaminant transport model simulates the migration and fate of TCE because,
as stated in Section 4.3.1, TCE is the most prevalent CAH in extent and concentration.
In addition, TCE was the only Hill AFB-related CAH detected in study area
groundwater at concentrations exceeding its USEPA (1996) MCL of 5 gg/L in August

o 1996. As described in Section 4.3.2, the elevated PCE detection at well MW141 has
not been linked to a Hill AFB source.

Transport models use boundary conditions to specify contaminant sources such as
NAPL bodies, dissolved mass entering through recharge, injection wells, surface water
bodies, and leaking structures. Sources such as NAPL bodies may be represented as
specified-concentration boundaries (limited by solubility constraints or observed
maximum concentrations) or as specified-flux boundaries (for which the chemical
loading rate must be known or estimated). However, in most cases, only the effects of
the source are measured, not the source characteristics (Spitz and Moreno, 1996). The
source must therefore be represented as a "black box" that produces appropriate

4 contaminant concentrations or fluxes at selected points in the model. The source may
be misrepresented under such a scenario, but there is often little choice in the matter.
Estimating contaminant flux into groundwater from NAPL or dissolved mass entering
through recharge is difficult and is dependent upon several parameters, most of which
cannot be measured (Feenstra and Guiguer, 1996; Abriola, 1996).

TCE is assumed to enter groundwater in the study area through contact between
groundwater and residual NAPL below the water table and/or migration of recharge
through soil containing residual NAPL above the water table. Partitioning of CAHs
from these sources into groundwater was simulated using contaminant specified-flux
boundaries. Seven model grid cells located near Building 1723A and one -ell near
Building 1781 were designated as TCE source cells (Figure 5.1).

Rather than using various calculations to attempt to estimate CAH partitioning from
NAPL into groundwater, the "black box" source approach was used. Experience
modeling contaminated sites as part of the AFCEE Natural Attenuation Initiative has
suggested that this is the best method for reproducing observed plumes.

5.3.3.2 Dispersivity

Longitudinal dispersivity was originally estimated to range from 360 feet [calculated
using the method of Pickens and Grisak (1981)] to 596 feet (calculated using the
method of Neuman, 1990). Published data summarized in Spitz and Moreno (1996)

4 suggest that, as a rule of thumb, longitudinal dispersivity is about one-tenth the travel
distance of the plume (from the source to the downgradient toe), which is equivalent to
approximately 450 feet at OU5. For the initial model setup, the lower bound of 360
feet was selected as a conservative estimate to minimize dispersion-related contaminant
losses. Transverse dispersivity was estimated as one-tenth (0.1) of the longitudinal

dispersivity value (Domenico and Schwartz, 1990).
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5.3.3.3 Sorption/Retardation

Retardation of TCE relative to the advective velocity of the groundwater occurs
when TCE molecules are sorbed to organic carbon, silt, or clay in the aquifer matrix.
Based on measured TOC concentrations near the water table at seven locations, an
assumed bulk density of 1.65 grams per cubic centimeter (g/cc) (typical for sediments
of this type), and a conservative value of the soil sorption coefficient (Ký.) for TCE of
87 liters per kilogram (L/kg) (as listed in Wiedemeier et al., 1996), the coefficient of
retardation for TCE was calculated (Table 5.2 and Appendix D). Retardation values
ranged from 1.19 to 3.08. The lower the assumed coefficient of retardation, the faster
the TCE plume will migrate downgradient. The average calculated TCE retardation
coefficient of 1.57 was used in the model setup.

5.3.3.4 Biodegradation

As discussed in Section 4.5, first-order biodegradation rates of I x 1ff7 day' to 5.3
x 1 0 '4 day-' were estimated for CAHs using site-specific data. These rates were used to
define a range of possible values for model input. An initial, intermediate, value of 3
x106 day-I was defined for the model domain based on the reductive dechlorination
rates calculated for the upgradient segment of the TCE plume (Section 4.5). Also as
noted in Section 4.5, reductive dehalogenation of CAHs may be best represented using
a second-order rate, but most common transport codes (including MT3D") can
incorporate only a first-order rate. Second-order rates may provide the best
approximation of CAH dechlorination in the presence of fuel hydrocarbons; however,
the absence of fuel hydrocarbons at OU5 indicates that use of a first-order decay rate is
appropriate.

5.4 MODEL CALIBRATION

Model calibration is an important component in the development of any numerical
groundwater model. Calibration of the flow model demonstrates that the model is
capable of matching hydraulic conditions observed at the site; calibration of the
contaminant transport model superimposed upon the calibrated flow model helps
demonstrate that contaminant loading and transport conditions are being appropriately
simulated. Model input and output are included in Appendix E.

5.4.1 Groundwater Flow Model

Groundwater elevation data collected in August 1996 from 48 monitoring wells were
used to compare measured and simulated heads for calibration purposes. Some paired
monitoring wells screened in deeper aquifer intervals exhibited lower potentiometric
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elevations, and therefore, water level data from these wells were not used in the
comparison of measured and simulated heads.

The numerical flow model presented herein was calibrated by altering hydraulic

conductivity, source area recharge rates, and specified-head elevations in a trial-and-
error fashion until simulated heads approximated observed field values within a
prescribed accuracy. Hydraulic conductivity is an important aquifer characteristic that
represents the ability of the water-bearing strata to transmit groundwater. An accurate

4 estimate of hydraulic conductivity is important to help quantify advective groundwater
flow velocities and to define the flushing potential of the aquifer. As a result, models
used to estimate contaminant transport are particularly sensitive to variations in
hydraulic conductivity. Lower values of hydraulic conductivity result in a slower-
moving plume with a relatively small areal extent. Higher values of hydraulic

4l conductivity result in a faster-moving plume that is spread over a larger area.

Geologic data and water level measurements were used in conjunction with the
hydraulic conductivity values derived from slug tests to estimate an initial uniform
hydraulic conductivity for the saturated zone across the entire model domain. As stated
in Section 5.3.2.2, the initial hydraulic conductivity values used in the model ranged

• from 0.064 to 12.8 ft/day. To better match heads in the model to observed values, the
initial hydraulic conductivity values were varied according to changes in aquifer
thickness to maintain a uniform transmissivity (the product of hydraulic conductivity
and aquifer thickness). The hydraulic conductivity was then progressively varied in
blocks and rows until the simulated water levels for cells corresponding to the selected
well locations closely matched the observed water levels.

Figure 5.2 shows the calibrated water table. Final calibrated model hydraulic
conductivities ranged between 0.24 and 4.72 ft/day, with an average of 2.0 ft/day.
Most model grid cells were assigned a hydraulic conductivity between 0.80 and 4.72
ft/day.

* Simulated advective velocities were variable, but generally ranged from 0.17 ft/day 0
to 0.35 ft/day (62 to 128 ft/yr) throughout the study area. These velocities compare
favorably with the velocity range of 0.03 to 0.3 ft/day (11 to 110 ft/yr) estimated prior
to the start of the modeling using available hydraulic conductivity and hydraulic
gradient data (see Section 3.4.2).

The root mean squared (RMS) error is commonly used to express the average

difference between simulated and measured heads. RMS error is the average of the
squared differences between measured and simulated heads, and can be expressed as:

,RA = [ (h. -hJ 2

* S
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where: n = the number of points where heads are being compared,

h. = measured head value, and

h,= simulated head value.

The RMS error between observed and calibrated values, as calculated by Visual
Modflow in the 48 comparison points is 4.8 percent. RMS error calculations are
summarized in Appendix D.

In solving the groundwater flow equation, Visual MODFLOW establishes the water
table surface and calculates an overall hydraulic balance that accounts for the
numericaldifference between flux into and out of the system. The hydraulic mass
balance for the calibrated model was adequate to accomplish the objectives of this
modeling effort, with 99.99 percent of the water flux into and out of the system being
numerically accounted for (i.e., a 0.01-percent error).

5.4.2 TCE Plume Cafibration

After calibration of the flow model, the numerical solute transport model was
calibrated by altering contaminant transport parameters and contaminant source term
concentrations in a trial-and-error fashion until the simulated extent and magnitude of
the TCE plume approximated observed field values. The transport parameters varied
during the plume calibration were the aquifer dispersivity, the TCE decay rate constant,
and the distribution coefficient governing the retardation of TCE. Because the original
estimates for the parameters resulted in a calculated TCE plume that did not reasonably I
reproduce the observed plume, these parameters generally were varied with the intent
of limiting plume migration to the observed extent measured in 1996.

The dissolved TCE concentrations obtained from March 1996 laboratory analytical
results for each monitoring well (Radian, 1997) were used to calibrate the contaminant
transport model. These data were selected because they were generally higher in
magnitude than the data obtained for this TS in August 1996. Therefore, the more
conservative set of analytical data were used to calibrate the model. August 1996
analytical data were used for the monitoring points installed during the TS field
program. The March 1996 TCE concentrations and TCE plume map are contained in
Appendix A. For comparison, Table 4.2 presents dissolved TCE concentration data for
August 1996, and Figure 4.5 shows the distribution of dissolved TCE in August 1996.
The concentrations and shapes of the plumes depicted in these figures are the result of
transport under the influence of advection, dispersion, sorption, and biodegradation.

5.4.2.1 TCE Source Term

For the primary TCE plume sourced at the Tooele Rail Shop near Building 1723A,
TCE dissolution into groundwater was assumed to begin in 1949, when use of TCE
was first reported at the Rail Shop. Loading was assumed to remain constant until
1964, when use of TCE at the Rail Shop reportedly ceased. Between 1964 and 1996
the source strength was decreased linearly at a rate of 3 percent per year to simulate the
gradual weathering and depletion of the source. However, the rapid decrease in source
area concentrations from 1993 to 1996, measured in well MW127 (Figure 4.9), could
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not be fully duplicated in the model. The inability to accurately simulate the measured
decrease in TCE concentrations in source area well MW127 may be due to spatial
variation in decay rates that could not be simulated by the model, or because decay
rates in the source area may be second order as opposed to first order as simulated by
the model.

As described in Section 5.3.3.1, the partitioning of TCE from residual NAPL into
the groundwater beneath the Rail Shop was simulated by adding recharge containing
TCE to seven cells in the model grid. The locations of the simulated recharge cells are
shown on Figure 5.1. The cell locations were selected on the basis of the known
location of the former drain line and gravel leach bed that constitute the primary TCE
source (Figure 1.3). The recharge area was extended to the south to account for drain
line leaks and to the north to allow for adequate simulation of the plume width within
and downgradient from the source area. The injected TCE concentrations were
uniformly distributed among the source cells, although the recharge rate was doubled S
for the center cell to simulate both the measured TCE concentration in source area well
MW127 and measured concentrations along the plume axis downgradient from the
source area. The location of the grid cell containing the highest recharge rate
corresponds to the location of the former leachfield. The recharge rate for each source
cell was set at 4 inches per year, with the center cell set at 8 inches per year. These
values are low enough that the flow calibration and water balance were not affected.

As described in Section 5.2, the location and history of the source responsible for
the TCE detected near Building 1781, north of the Rail Shop, is not known. The
introduction of TCE into the groundwater in this area was simulated by adding recharge

* containing TCE to one model grid cell starting in 1988. The source strength was S 0
gradually increased to a maximum concentration in 1996 to simulate the TCE
concentration measured in well MW129 in 1996. The recharge rate in the source cell
was 3 inches per year.

5.4.2.2 Dispersivity
S

As described in Section 5.3.3.2, longitudinal dispersivity for the modeled area was
originally estimated to be 360 feet, and the transverse dispersivity value was estimated
to be one-tenth (0.1) of the longitudinal dispersivity value (Domenico and Schwartz,
1990). However, because the 1996 site plume was relatively wide, the ratio of
transverse to longitudinal dispersivity was increased to 0.3. During plume calibration,
the longitudinal dispersivity was reduced to 240 feet to better simulate the observed
TCE plume. This is the value used to produce the calibrated plume depicted in Figure
5.3. Decreasing the dispersivity below this value caused the model to underpredict
TCE concentrations at downgradient monitoring well MW163 to an unreasonable
degree. Use of a dispersivity value that is lower than those estimated using empirical
relationships presented in the literature (see Section 5.3.3.2) is conservative, because S
dispersion-related contaminant losses around the fringes of the plume are reduced.
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5.4.2.3 Anaerobic Decay Rate Constant

As discussed in Section 5.3.5, the TCE decay rate constant was initially estimated to
range from 1 x 10-7 day- to 5.3 x 10' day'. This parameter was vaned during plume
calibration, and the calibrated model used a value of 6 x 10- day , which corresponds
to a TCE half-life of 316 years. Use of this vai,, yielded a good match between
simulated and measured TCE concentrations. However, the value is
reasonablyconservative because it is near the low end of the range of potential decay
rates computed for the site. As described in Section 4.5, the low decay rates
(representative of reductive dehaloge-ation rates) are believed to be most representative
of actual conditions throughout the majority of OU5; however, in isolated areas (e.g.
the source area) biodegradation rates may be somewhat higher.

5.4.2.4 Coefficient of Retardation

During plume calibration the initial retardation coefficient of 1.57 was varied, but
no significant improvement in model calibration was realized. Therefore, the value of
1.57 was retained in the calibrated model. Raising or lowering the retardation
coefficient would have caused the simulated TCE concentrations at the downgradient
plume boundary to under- or overestimate measured concentrations, respectively.

5.4.2.5 Comparison of Measured and Simulated TCE Plumes

The calibrated TCE plume calculated by the model (Figure 5.3) is similar, but not
identical, to the observed 1996 TCE plumes (Appendix A, Figure 4.5). The model
reasonably simulates measured TCE concentrations in the Rail Shop source area, along
the axis of the primary TCE plume downgradient from the source area, and at the
downgradient plume toe in eastern Clinton. One primary difference between the
simulated and measured plumes emanating from the Rail Shop is that the measured
TCE plume appears to abruptly shift to the north in Sunset, west of well MW159
(Figure 4.5). This shift may be caused by the presence of a north/south-trending
subsurface drain line that is believed to be present in that area. The impact of the drain
line could not be accurately represented by the numerical model; therefore, the
northward shift was not simulated.

A second primary difference between the measured and simulated plumes is that the
measured plume appears to widen west of Main Street. The inferred width of the
plume between the 5-pag/L isopleths at Main Street in August 1996 is 860 feet,
compared to 1,130 feet farther to the west between wells MWl60 and MW166 (Figure
4.5). Similar trends have been observed during other sampling events, including the
March 1996 event used for model calibration purposes. The increase in width may be
due to one or more factors, including stratigraphic controls, preferential (northward)
migration of TCE along utility corridor(s) beneath or adjacent to Main Street, or
temporal variations in groundwater flow directions. The increased width of the plume
west of Main Street was simulated by lengthening the line of source cells, as described
in Section 5.4.2.1. However, the simulated plume does not exhibit the variations in
width with distance from the source area that are apparent in the observed plumes.
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5.5 SENSITIVITY ANALYSIS

* The purpose of a sensitivity analysis is to determine the effect of varying model
input parameters on model output. The sensitivity analysis was conducted by varying
hydraulic conductivity, the coefficient of retardation, the first-order decay rate,
dispersivity, and the TCE injection rate.

To perform the sensitivity analyses, the calibrated model was adjusted by
systematically changing the aforementioned parameters individually, and then I
comparing the new simulations to the results of the calibrated model. The models were
run for a 47-year period, just as the calibrated model was, so that the independent
effect of each variable could be assessed. Ten sensitivity runs of the calibrated model
were made, with the following variations:

1. Hydraulic conductivity uniformly increased by a factor of 5; 9

2. Hydraulic conductivity uniformly decreased by a factor of 5;

3. Coefficient of retardation increased from 1.57 to 3.08;

4. Coefficient of retardation decreased from 1.57 to 1.19; 0

5. First-order decay rate increased from 6 x 10-6 day' to 3 x 10-4 day-;

6. First-order decay rate decreased from 6 x 10-6 day' to 2 x 10-6 day-;

7. Dispersivity increased from 240 feet to 480 feet;

8. Dispersivity decreased from 240 feet to 120 feet;

9. TCE recharge flux rate increased by a factor of 2; and

10. TCE recharge flux rate decreased by a factor of 2.

Simulated TCE concentrations at several wells located along the approximate axis of
the TCE plume for each of the above-described sensitivity analysis model runs are
listed in Table 5.3. Comparison of these simulated concentrations to the calibrated and
measured (March 1996) concentrations indicates how the parameter changes affect the
model results. Figures depicting the sensitivity analysis results are presented in
Appendix D. As described in the following paragraphs, the parameter modifications
listed above generally resulted in substantial changes in the resulting TCE plumes, with
the dispersivity modifications having the least effect.

5.5.1 Sensitivity to Variations in Hydraulic Conductivity

The effects of varying hydraulic conductivity are shown in Table 5.3 and Appendix
D. Uniformly increasing the hydraulic conductivity by a factor of five increased the
longitudinal dispersion of the plume such that the plume extended to the downgradient
boundary of the model grid, approximately 9,300 feet west of the toe of the calibrated
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AV plume. The simulated TCE concentration in the vicinity of source area monitoring well
MW127 decreased below the measured (March 1996) and calibrated concentrations by
one order of magnitude (simulated concentration of 57 iig/L versus field-measured and
calibrated concentrations of 597 gLg/L and 510 lag/L, respectively). Conversely, the
simulated TCE concentration in the vicinity of downgradient monitoring well MW163
increased to 128 ug/L, compared to measured (March 1996) and calibrated
concentrations of 33 gag/L and 24 jag/L, respectively.

In contrast, decreasing the hydraulic conductivity by a factor of five slowed overall
plume migration, and caused the TCE mass to be concentrated within a smaller area.
As a result, the simulated length of the TCE plume was less than half the length of the
measured and calibrated plumes. The simulated TCE concentration at source area
monitoring well MW127 increased to 1,574 jsg/L, compared to the calibrated
concentration of 510 ag/L. The simulated plume did not extend to downgradient
monitoring well MW163, whereas the TCE concentration at this well in the calibrated
model was 24 lag/L. Overall, the model appears to be very sensitive to hydraulic
conductivity variation within a reasonable range.

5.5.2 Sensitivity to Variations in the Coefficient of Retardation

The effects of varying the coefficient of retardation are shown in Table 5.3 and
Appendix D. Uniformly increasing the coefficient of retardation from 1.57 to 3.08
(the maximum retardation coefficient calculated for the site on the basis of site-specific
soil TOC data, see Table 5.2) decreased the longitudinal dispersal of the plume such

* that the simulated plume length was only about two-thirds the length of the calibrated
plume. The simulated TCE concentration in the vicinity of source area monitoring well
MW127 (512 pig/L) was nearly identical to the calibrated concentration 510 AIg/L;
however, the toe of the simulated plume was located near well MW143, which had
measured (March 1996) and simulated concentrations of 98 .tg/L and 116 tgg/L,
respectively.

I
In contrast, decreasing the coefficient of retardation from 1.57 to 1.19 (the

minimum value computed using site-specific TOC data, see Table 5.2) increased
overall plume migration. The downgradient toe of the simulated plume was
approximately 1,400 feet farther west than the calibrated plume toe. As a result, the
simulated TCE concentration in downgradient well MWI63 increased to 97 lag/L from
the measured and calibrated concentrations of 33 lag/L and 24 uig/L, respectively.
Because the available TCE mass was spread over a larger area, the simulated TCE
concentration in source area well MW127 (480 uig/L) decreased slightly compared to
the calibrated concentratic - of 510 ýtg/L. Overall, the model appears to be moderately
sensitive to variation of the retardation coefficient within a reasonable range.

5.5.3 Sensitivity to Variations in the Decay Rate Constant

The effects of varying the first order TCE decay rate are shown in Table 5.3 and
Appendix D. Increasing this parameter from 6 x 106 day' (the value used in the
calibrated model) to 3 x 10-4 day' (representative of upper bound values computed for
the site, see Section 4.5) results in more rapid degradation of dissolved TCE. The
resulting TCE plume is correspondingly short (approximately one-half the length of the
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V calibrated plume), and simulated TCE concentrations at downgradient wells MW143 (5
gg/L) and MW163 (0.7 jig/L) are 96 to 97 percent lower than calibrated values for
these wells (116 jig/L and 24 gg/L, respectively). The simulated TCE concentration at
source area well MW127 (134 pig/L) is 74 to 78 percent lower than the measured
(March 1996) and calibrated values of 597 gg/L and 510 tig/L, respectively.

Conversely, decreasing the decay rate to 2 x 10" day-' (representative of lower
bound values calculated for the site, see Section 4.5) decreases the rate of degradation,
resulting in an overall increase in simulated source area and downgradient TCE
concentrations to levels that are above measured and calibrated concentrations.
However, because the magnitude of the deýa' rate change was relatively low (both the
calibrated and revised values were in the 10 range), the effects on the model results
were not substantial. For example, the length and width of the simulated plume were
nearly identical to that of the calibrated plume, and the simulated TCE concentration at
source area monitoring well MW127 was 523 jig/L, compared to measured and
calibrated concentrations of 597 and 510 pg/L, respectively. Simulated TCE
concentrations in wells downgradient from the source area (e.g., MW143 and MW163)
also were similar to the calibrated and measured values, indicating that small changes
in the decay rate do not significantly affect the model results. However, as indicated in
the previous paragraph, the model is more-sensitive to order-of-magnitude changes in
the decay rate, particularly as the rate is increased and biodegradation becomes a
significant attenuation mechanism.

5.5.4 Sensitivity to Variations in Dispersivity

The effects of varying dispersivity are presented in Table 5.3 and Appendix D.
Both longitudinal and transverse dispersivity were varied for this analysis, as the ratio
of the two values (3.3 to 1) remained constant. Increasing the dispersivity from 240
feet to 480 feet caused the simulated plume to extend approximately 1,000 feet farther
in both the upgradient and downgradient directions than the calibrated plume did. The
dispersal of the TCE mass over a larger area caused an overall reduction in TCE
concentrations in the vicinity of the source area and within the central portion of the
plume in eastern Sunset. For example, the simulated TCE concentrations in source
area well MW127 and downgradient well MW138 were 476 and 511 gg/L,
respectively, compared to calibrated concentrations of 510 and 636 pg/L. The
extension of the plume in the downgradient direction caused the simulated
concentrations near the toe of the plume to increase over calibrated and measured
(March 1996) concentrations (e.g., see data for well MW163 in Table 5.3).

Decreasing the dispersivity from 240 feet to 120 feet generally had the opposite
effect, producing a shorter plume with slightly higher concentrations in the upgradient
to central portions of the plume. The simulated TCE concentration at source area well
MW127 (485 gg/L) was slightly lower than the calibrated concentration of 510 tig/L;
however, simulated concentrations at wells MW132, MW138, and MW159 were
higher than the calibrated concentrations. Simulated concentrations near the toe of the
plume (monitoring wells/points MW143, MW163, and MP7) were lower than the
calibrated concentrations because the simulated plume was shorter than the calibrated
plume. Overall, the sensitivity of the model to dispersivity changes of this magnitude
appears to be in the low to moderate range.

5-20

022/729691/HILL/16.DOC



AI

5.5.5 Sensitivity to Variations in Injected TCE Concentrations

The results of increasing and decreasing the TCE concentrations injected into the
aquifer in the source area by a factor of two are shown in Table 5.3 and Appendix D.
The dimensions of the plume that resulted from increasing the injected concentrations
by a factor of two are similar to the calibrated plume because the parameters governing
the migration of the plume were unchanged. However, the simulated TCE
concentrations throughout the length of the plume were approximately double the
calibrated concentrations.

Decreasing the injected TCE concentrations by a factor of two had the opposite
affect, resulting in simulated concentrations throughout the plume that were
approximately one-half the calibrated concentrations. Again, however, the simulated

4 plume length and width did not differ substantially from those of the calibrated plume. S

5.5.6 Summary of Sensitivity Analysis Results

The results of the sensitivity analysis suggest that the calibrated model depicted on
4 Figure 5.3 is generally reasonable. Varying the model parameters within the

prescribed ranges generally caused the extent and magnitude of the dissolved TCE
plume to differ noticeably from measured conditions. Varying the hydraulic
conductivity within a reasonable range caused substantial changes in both the lateral
extent of the plume and the magnitude of simulated TCE concentrations. The effects
on the plume extent and magnitude of varying the retardation coefficient within a

4 O reasonable range and of increasing the first-order TCE decay rate to a value
representative of those computed using the method of Buscheck and Alcantar (1995)
also were significant, although less substantial than with the hydraulic conductivity.

The overall sensitivity of the model to variations of the longitudinal and lateral
dispersivity within a reasonable range appears to be relatively low. Variation of this

4 parameter has the greatest effect on the downgradient and upgradient extents of the 5-
pg/L and 10-pg/L TCE isopleths. Increasing the dispersivity causes low concentrations
of TCE tG be dispersed farther downgradient and upgradient, while decreasing this
parameter caused more contaminant mass to remain in the plume core, thereby
"tightening up" the eastern and western portions of the plume. Increasing and

4 decreasing the TCE injection concentrations in the source artz does not significantly
affect the areal extent of the plume, but the magnitudes of simulated concentrations
within the plume Ai directly proportional to the magnitudes of the injected
concentrations.

The simulated plumes resulting from increasing and decreasing the dispc:sivity
* values indicated that the model calibration could be improved in the area upgradient

from the Rail Shop by varying the dispersivity in that area. The calibrated model
plume depicted on Figure 5.3 extends throughout a broad area east of the Rail Shop,
whereas the observed plumes measured in March and August 1996 appear to extend
only upgradient toward well MW148 (Figure 4.5 and Appendix A). To better simulate
the observed upgradient extent of dissolved TCE and improve the accuracy of model
predictions, the longitudinal dispersivity throughout most of the upgradient plume area
was decreased to 60 feet, and the dispersivity within a northeast/southwest-trending
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band between wells MW127 and MW148 was increased to 480 feet (approximately
one-tenth the distance between the source area and the downgradient plume toe). These
changes enabled the model to better simulate the lobate shape of the plume in the
upgradient area. The final calibrated model that incorporates these changes and was
used for predictive purposes is shown on Figure 5.4. In reality, the source of the TCE
detected in well MW148 is not known, and may be located in the former Base housing
area (Radian, 1995). The final calibrated TCE concentrations along the axis of the
plume are: MW127 (492 /&g/L), MW132 (609 ttg/L), MW138 (670 1sg/L), MW159
(105 jg/L), MW143 (128 pg/L), MW163 (26 jtg/L), and MP-7 (5 jg/L). The results
of predictive simulations are contained in Section 6.
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